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INTRODUCTION

In this introduction, we give a very brief indication of the contents of the 
papers reprinted in the first two volumes of Kapitza’s Collected Papers, which 
contain his scientific papers. The third volume of these Collected Papers will 
contain semi-popular papers and papers on more general topics. The discussion 
is divided into the following sections: (1) The Leningrad period; (2) Nuclear 
physics; (3) Strong magnetic fields; (4) Liquefaction; (5) Liquid helium; (6) 
High-power electronics; (7) Miscellaneous.

Piotr Leonidovich Kapitza was born in Kronstadt, near Leningrad, on 26th 
June (old style), 1894. He was educated at Kronstadt and the Pctrograd 
(Leningrad) Polytechnical Institute, where he became a lecturer in 1919. He 
came to the Cavendish Laboratory to work with Rutherford in 1921, at the 
suggestion of A. F. Ioffe. The story goes that Rutherford told Kapitza that 
his laboratory was full and that he could not accept another research student. 
Kapitza is reputed to have asked the accuracy of Rutherford’s measurements 
and, on being told that they were of the order of ten per cent, to have stated 
that the admission of one more research student would change the number of 
research students by less than Rutherford’s margin of error, upon which 
Rutherford accepted him. Kapitza’s early work at Cambridge was on nuclear 
physics, but soon he branched out to work rather outside the main fine of 
research at Cambridge. First of all, he developed methods for obtaining strong 
magnetic fields and was turning to low-temperature research in his last years 
in Cambridge. Kapitza became a Ph.D. and a Clerk Maxwell Student of 
Cambridge, Fellow of Trinity College, Cambridge, Assistant Director of Magne
tic Research at Cambridge University, Mcssel Research Professor of the Royal 
Society, Director of the Royal Society Mond Laboratory, and Fellow of the 
Royal Society.

In 1934, he returned to the USSR, where he continued his work on magnetism 
and low temperature physics, using the equipment built at Cambridge and sent 
to Moscow by Rutherford for Kapitza’s use. In Moscow, Kapitza became the 
Director of the Institute of Physical Problems of the Academy of Sciences of 
the USSR. Here he has worked on the properties of liquid helium, on lique
faction problems, and on high-power electronics. In 1929, Kapitza became a 
Corresponding Member of the Academy of Sciences of the USSR, and he 
became an Academician in 1939. He received numerous honours, such as two 
Stalin Prizes, three Lenin Orders, the Order of the Red Banner of Labour, the 
Franklin Medal, the Faraday Medal, and the Sir Devaprasad Sarbadhikari 
Gold Medal. He is also a Hero of Socialist Labour. He is a Foreign Member of 
the French Physical Society, and the Indian, Danish and USA Academies of
Science.

la* XI



XU Introduction

1. T he  L e n i n g r a d  P e r i o d

Among the six papers1-6* written before Kapitza went to Cambridge, 
three deal with other peoples’ work. His first paper1, described the Einstein- 
de Haas and Barnett experiments, which show that the magnetisation of a 
ferromagnet is equivalent to the imparting of an angular momentum. This 
papers shows clearly the great love Kapitza has for careful and ingenious 
experimentation. In another two papers, he discusses the Koch recording 
microphotometer4 comparing it with the Hartmann photometer and reviews 
a paper by Zecher, which seemed to show that the emission edge of the conti
nuous X-ray spectrum depended on the material of the anode and on the 
azimuth of the emission.

The first paper on original research was a short note2 on an improved 
method for preparing Wollaston fibres, but the next paper3 shows the true 
Kapitza touch. In this paper, he suggests that a crystal grating with a cylindri
cal surface would be an efficient X-ray spectrometer. This paper appeared a 
year before the papers by Seemann and Bohlin {Ann. d. Phys. 59, 455, 1919; 
61, 430, 1920) to whom this idea is usually attributed. The last paper from 
the Leningrad period is one together with Ssemenoff6, in which they discuss 
the possibility of using the passage of an atomic beam through an inhomo
geneous field to measure the magnetic moment of atoms.

2. N u c l e a r  P h y s i c s

The first few years in Cambridge, Kapitza worked on nuclear 'physics 
problems. At Rutherford’s suggestion, he investigated7 the loss of energy of 
a-particles by measuring the heat produced when an a-particle beam passed 
through air or C02. In his next paper8, he investigates the consequences of a 
possible magnetic moment of an electron upon the curvature of /1-particle 
tracks in a Wilson chamber. The magnetic moment of a moving /3-particle 
will interact with the electrons in the gas in the Wilson chamber. By a careful 
analysis of this interaction, he comes to the conclusion that the curvature is 
too large to be explained in this way. Another theoretical investigation9 deals 
with the emission of electrons from a solid when it is hit by a-particles. In 
studying a-particle tracks, it was found useful to apply a magnetic field in 
order to study more easily changes in velocity. In the strong magnetic fields, 
which Kapitza managed to produce, he studied10,12 a-particle tracks and 
especially the change of velocity along the track.

3. S trong  Ma g n e t i c  F i e l d s

In the study of a-particle tracks, strong magnetic fields of the order of 
hundreds of kilogauss were found to be necessary. Kapitza, therefore, turned 
his attention to the production of such fields. The main difficulty in producing 
such high fields is the heating, and Kapitza, therefore, suggested to produce 
such strong magnetic fields for only a very short period, say a hundredth of a

* The numbers refer to the papers in the chronological list on p. vii.
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seeond. Kapitza11 solved the difficulties of energy sourees (an accumulator 
battery), of switch gear which had to switch off a eurrent of the order of 10,000 
amperes in a time short compared to a hundredth of a second, and of finding 
an oscillograph to measure the eurrent, and thus was able to produce fields of 
about 500 kilogauss for 0-003 of a second. Apart from the experiments on 
a-partiele tracks already mentioned10,12, Kapitza and Skinner13,14 used these 
fields, up to 130 kilogauss, to obtain measurements of Zeeman and Paschen- 
Baek speetra. A high-dispersion quartz spectrograph was used to photo
graph the speetrum with an exposure of not more than 0-003 sec. The light 
source was a spark from a large condenser battery, the theory of which was 
discussed by Kapitza in a separate paper15.

Kapitza then turned his attention to obtaining even larger magnetic fields16. 
The energy souree for sueh fields must be able to produce about 50 megawatts 
at the moment of discharge, and a dynamo was used with about 2 megawatt 
at continuous rating. A special laboratory was built in Cambridge for this 
purpose and in the first experiments fields up to 320 kilogauss in a volume 
of 2 cm3 were obtained. Ballistic galvanometers were used to measure the fields 
obtained. The first experiments carried out with this apparatus were mea
surements of the magneto-resistance of bismuth17 in fields up to 300 kilogauss, 
an investigation later extended to 18 Li, Na, Cu, Ag, Au, Be, Mg, Zn, Cd, Tig, 
Al, Ga, In, Tl, C, Ti, Ge, Zr, Sn, Pb, Th, V, As, Sb, Ta, Cr, Mo, Te, W, Mn, 
Fe, Ni, Pd, and Pt. Kapitza found that the resistance ehanged according to a 
square law in weak fields, but linearly in stronger fields. He suggested that 
the ideal resistance follows a linear law and that the additional resistance, 
which is shown to be identical with the residual resistance, masks the ideal 
resistance at weak fields and produces the quadratic field-dependence. Kapitza 
(see also ref. 21) suggested that superconductivity is related to the disappearance 
of the residual resistance for some metals. He discussed various aspects of his 
own and other people’s measurements of magneto-resistance in a few later 
papers20,23,28,30.

The next phenomenon investigated by Kapitza was magnetostriction. In a 
paper with Fowler19, it is pointed out that magnetostriction of a ferromagnetic 
must be related to the change in volume at the Curie point in exactly the same 
way as the thermo-magnetic effects are related to the ehange of specific heat 
at the Curie point. Experimentally, Kapitza studied magnetostriction in dia- 
and para-magnetic substances22,26, where the effect is so mueh smaller than 
in ferromagnetics, so that one needs large magnetic fields to observe it. Kapitza 
also measured26 the magnetisation of various substances using a high-frequency 
sensitive type of balanee, able to measure forces of a few grams in a period of 
about one hundredth of a second. Another balance was constructed by Kapitza 
and Webster27, which was based upon the idea that instead of measuring the 
foree exerted by the magnetic field upon the magnetised body, the force exer
ted by the body upon a small iron rod placed in the magnetic field is measured.

After Kapitza’s return to the USSR, Kapitza, with Strelkov and Laur- 
man35, measured again the Zeeman and Pasehen-Baek effeet, this time with 
the larger magnetic fields, up to 320 kilogauss. Kapitza has given a general
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survey of work with strong magnetic fields in two papers24'25, the second of 
which was Kapitza’s contribution to the 1930 Solvay Congress.

4. L i q u e f a c t i o n

When the Royal Society Mond Laboratory was built in Cambridge, it was 
decided that it should have, apart from the equipment to produce high magnetic 
fields, also a cryogenic plant. The first liquefier to be constructed was a hydrogen 
liquefier built by Ivapitza and Crockcroft29. Its advantage over earlier hydrogen 
liquefiers was that commercial, relatively impure hydrogen at a pressure of 
3 atmospheres is precooled by pure hydrogen, which is liquefied by the Joule- 
Thomson effect, but which is in a closed circuit and, therefore, can be used 
again. The impure hydrogen after it is cooled is liquefied in contact with 
liquid hydrogen at normal pressure, as the condensation point at 3 atmospheres 
lies at a higher temperature than at 1 atmosphere. Any impurities present in 
the hydrogen will condense in the exchanger and sink to the bottom and will 
not block the various tubes of the apparatus.

The next liquefier to be constructed was a Kapitza lielium-liquefier32'33, 
which is nowadays usually called the Collins liquefier, because Collins intro
duced this liquefier in commercial quantities upon the United States market. 
The idea was to eliminate precooling by hydrogen, which was usually applied 
before the Joule-Tliomson effect is used. This can be done if the helium, 
precooled by liquid nitrogen, is made to do work on an expansion machine. 
Lubrication in the expansion machine is provided by the helium itself. The 
expansion engine cools the helium down to 10°K and the further cooling- 
down is done by the Joule-Tliomson effect. The first Kapitza liquefier produced 
2 litres of helium per hour, using 3 litres of nitrogen per hour.

In view of the importance of liquid helium, both for pure research and for 
practical applications, it has become important to construct helium liquefiers 
with a large output, and this is possible by using a cycle of cascades involving 
several expansion engines. The design of such a liquefier has been discussed by 
Kapitza51 and its construction is described by him and Danilov55. This liquefier 
needs no precooling at all and with an energy consumption of 2-2 kWh produces 
18 litres of liquid helium per hour. At the Institute of Physical Problems 
there is also an improved single stage Kapitza liquefier, described by Kapitza 
and Danilov.54 Here the helium is precoolcd with liquid nitrogen and a capacity 
of 5 litres per hour is attained, using about the same amount of liquid nitrogen.

Kapitza also has considered air liquefaction36 and described a low pressure 
liquefier at 5 to G atmospheres using an expansion turbine to produce 30 kg of 
liquid air per hour. In this connection, he has also considered37 the influence 
of friction forces on the stability of high-speed rotors. In a short note41 he 
critically compared the merits of low-pressure and high-pressure air liquefiers.

5. L i q u i d  H e l i u m

In a short note published in 1938, Kapitza34 reported measurements of the 
viscosity of liquid helium below its A-point and found it so much lower than
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any other viscosity that he suggested the term “superfluid (for the state of 
helium below the A-point.

In a series of extremely ingenious experiments, Kapitza38,39 (for a survey 
see ref. 40) studied heat transfer and superfluidity in helium II. In the first set of 
experiments, Kapitza set out to prove that the unusually large heat con
ductivity of helium II in capillaries was due to the convection of energy by the 
superfluid. He first of all studied the heat conduction in capillaries by conven
tional methods and concluded that the normal mechanism of thermal con
ductivity in liquids could not account for the very large values found. He then 
tried to eliminate various possibilities and concluded that the large thermal 
conductivity could be due only to either a motion of the liquid helium itself, or 
to a perfect crystalline state in liquid helium II. To prove that it is indeed 
the motion of the liquid which is the cause of the large heat conductivity, he 
first of all arranged a vane in front of an open capillary (38, Fig. 9) and observed 
the pressure on the vane as heat was conducted through the capillary. He 
then arranged the vane to be movable (38, Fig. 12), so as to be able to observe 
the “ topography” of the jet. The jet comes out of the centre of the capillary 
and in order to conserve the amount of liquid helium in the capillary, there is 
a counterflow along the inner walls of the capillary. By suspending the capillary 
at one end of a cross bar which could rotate, Kapitza demonstrated the reaction 
of the jet upon the capillary (38, Fig. 17). He even designed a demonstration 
experiment consisting of the famous “ spider ” (38, Fig. 19, Plate 38), which looks 
like a rotating spray used for watering lawns. If Ivapitza’s hypothesis about 
the thermal conductivity in capillaries is correct, the thermal conductivity in 
bulk helium II  must be much smaller, as there is then no possibility of a 
counterflow. This was, indeed, shown to be the case by Kapitza. These experi
ments led to Landau’s theory of liquid helium for which he Avas awarded the 
1962 Nobel Prize for Physics, and in turn Kapitza was stimulated to more 
experiments. From these later experiments39, Kapitza was able to show that, 
indeed, the entropy of the superfluid was zero. He suggested that low tempera
tures might be attained by forcing helium through a narrow channel, thus 
squeezing the superfluid tlirough and leaving the normal fluid behind. Un
fortunately, the Avar came, and these experiments AArere abandoned.

6. H i g h -p o w e r  E l e c t r o n i c s

After the Avar, Kapitza turned his attention to the possibility of generating 
high-poAver high-frequency electromagnetic oscillations and their transforma
tion into other forms of energy. Most of this Avork Avas done by Kapitza and 
his collaborators betAveen 1946 and 1955, but, for various reasons, the results 
Avere not published until recently. The results are now coming out as a series 
of monographs. The first one of this scries contains a large reviciv article by 
Kapitza56 on the theory of the planotron and magnetron and another theoretical 
study by him 57 on oscillations in gridded cavity resonators.

One of the methods used in this theoretical Avork was a time-averaging method 
to study Avhat happens if high-frequency oscillations are superimposed upon a
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smooth motion of a mass point. This method was applied by him to an investiga
tion of the motion of a pendulum with a vibrating suspension.46,46 He also 
constructed such a pendulum to demonstrate the correctness of his theory.

Related studies are those by Kapitza, Fok and Vainshtein52,53 of the 
solution of the integral equations relating surface charges on a circular tube 
of finite wall-thickness to the electrostatic potential and of the problem of 
electromagnetic oscillations in such tubes.

7. Mi s c e l l a n e o u s

Apart from the investigations mentioned in the previous sections, Kapitza 
has turned his attention to various problems, both theoretical and experi
mental.

In a short paper with Dirac31, he studied the possibility of observing the 
reflection of electrons from standing light waves. This experiment was thought 
in 1933 to be probably outside the realm of practicability, but with the advent 
of lasers it would be possible to perform such an experiment.

Kapitza42 compared the curves obtained from dimensionality arguments 
with the experimental data of heat transfer in a turbulent flow. He also 
investigated 43 the wave flow of thin layers of a viscous fluid, both theoretically 
and, with his son, experimentally. He also studied48 theoretically the heat 
transfer and diffusion in a liquid when the flow has a periodic nature, and49 
the hydrodynamical theory of lubrication under periodic conditions.

Finally, Kapitza applied the theory developed for the wave flow of thin 
layers of a viscous fluid to the formation of sea waves by the wind44, evaluated 
by a simple method the sum of negative even powers of the roots of Bessel 
functions47 needed in his study of heat transfer in a liquid with a periodic 
flow, and discussed60 the nature of ball lightning.



1. ELECTRON INERTIA IN MOLECULAR 
AMPERE CURRENTS

The question about a possible existence of mechanical inertia in electric 
currents was first raised by Maxwell as he analysed the process of magnetic 
induction. As far back as in the middle of the last century he undertook a number 
of experiments to solve this problem, but this and subsequent experiments of 
other investigators did not succeed in this. The question remained in this 
indefinite form very long, until its solution was obtained from a field where it 
was by no means expected. I t  is well known that a well-defined inertial mass 
is now attributed to electric charge, just as to any body in nature. One suc
ceeded in determining this negligibly small mass only when one began to investi
gate the motion of electricity in vacuo away from the metallic conductor on 
which it is flowing. The fact that the electron inertial mass can be detected in 
currents passing through a Crookes tube is not fortuitous, but merely a conse
quence of the possibility to investigate the inertial forces of electric masses in 
a current passing through vacuum by a direct comparison of these forces with 
electromagnetic and electrostatic ones. However, in all experiments of Maxwell 
he had to compare a negligibly small mass of moving electrons with a colossal 
mass of the conductor. The mechanical reaction undergone by a material 
conductor as a current arises is extremely small and completely out of reach 
of an experimentalist. Nowadays, when the inertial mass of electric charge is 
so well known and the uselessness of Maxwell’s attempts so evident, there is 
nevertheless a case in which one may hope to detect the inertia of electrons 
in a conductor. This case is the one in which currents of a very high den
sity can be produced without release of Joule heat and without large 
energy losses. I  am speaking here about molecular currents. I t  is already 
well known that a magnetised piece of iron or another ferromagnetic metal 
can be considered as consisting of a number of closed so-called Ampere 
molecular currents circulating in it in a certain geometrical order. The nature 
of these currents became only recently somewhat more elucidated. One of 
their main properties, which distinguishes them essentially from ordinary 
currents, is the fact that they have to overcome no ohmic resistance and, 
hence, they are releasing no heat energy. Owing to this the density of mole
cular currents can be very large. If we would like to construct a solenoid of the 
best electric wire in such a way that it may produce a magnetic moment 
equal to that of a steel magnet of the same Aveight, then we would have to give 
up this task, because the current which should pass through it would exceed

II. JI. Kamma, Iluepuna aneKTponoB bb aMnepoBuxB MoaeityjiapuBixB TOKaxB, jKyyma.i 
pyccKoso $U3UKO-xuMmecKOzo oSmecmea, $u3mecKuu omdeji, 48, 297 (1916).
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several thousand times that admissible by the most extreme norms. Such 
properties of molecular currents induced investigators to try with these 
currents to detect the inertia of electrons not only in free space but also in a 
metal.

In spite of the difficulty of the task, last year one succeeded in solving in 
two ways the problem posed by Maxwell so long ago. In this article we shall 
discuss the work of Einstein and de Haas1 carried out on the Continent, and 
that of Barnett2 carried out in America—both of whom tried to solve experi
mentally the Maxwell problem.

Theoretical considerations from which the experiment designed by these 
scientists ensued consist in the contemporary conception of atomic structure. 
This conception, which is now rather popular and provides often a correct 
interpretation of natural phenomena, consists in assuming the atom to be made

L0M0

Fig. 1

of two parts. The first part is a positively charged nucleus, about which only a 
little is so far known, and which determines the mass of the atom, while the 
second part is of purely electric origin, consisting of one or many electrons 
which are identical for all substances. The connection between these two 
parts is dynamic and lies in the following. The electron is assumed to rotate 
around the central nucleus in a closed orbit. The centrifugal acceleration of 
the electron mass is balanced by the mutual attraction existing between the 
electron and the nucleus as between two bodies of opposite charge. The simplest 
scheme of the atom would be the following: in the centre O (Fig. 1) there is 
the positively charged nucleus, while an electron E  is rotating on a circle (our 
further considerations will be independent of whether only one or many 
electrons will be taken into account). If one delves deeply into such a concep
tion about the atomic structure, then it appears clearly that its consequences 
will be several completely defined mechanical and electromagnetic properties 
which the atom should possess. First, if there is an electric charge rotating on 
a circle then, as already shown, this is completely equivalent to an electric 
current of an intensity i =  E n  (where E  is the charge, n is the number of

turns , while aiis the angular velocity of the electron rotation) flowing on 
2 71

a closed wire of the same size as the orbit of the electron rotation. The magnetic 
moment M 0 produced by this closed current is equal to i n  r2, where zi r2 is 
the area of the orbit. Whence

M 0 =  \(o r2 E . (la)
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Consequently, every atom produces a magnetic flux whose direction is perpen
dicular to the plane of its orbit, and which can be characterised by a vector 
M0 equal to the magnetic moment of the atom.

The second consequence of this scheme is purely mechanical. I t  is well 
known that a system in which a certain mass is rotating about a motionless 
centre has certain well-defined properties characterised by the angular momen
tum. These properties are often rather peculiar, despite the fact that this re
presents none other than a manifestation of the law of inertia, but in the rota
tional motion. These properties are very multiform, and are investigated on 
gyroscopes and tops. We have to consider just two of them. The first one con
sists in the following. If we have a gyroscope, shown in Fig. 2, rotating in such

z

a way that its angular momentum OA coincides with the Z-axis, and if we turn 
it so that the arrow OA may go over to the position 0 A 1, then in this overturn
ing there arises a pair of forces which will tend to turn the entire gyroscope 
with its support about Z-axis just in the direction in which the gyroscope 
rotated when it was in its initial position. The second property is the reverse to 
this. Let our gyroscope rotate in an arbitrary position OB which docs not 
coincide with the Z-axis. Taking the gyroscope by its support let us begin to 
make it rotate about the Z-axis. Then the gyroscope will tend to turn in such 
a way that its axis of revolution may coincide with the Z-axis, and that the 
disk may rotate in the same direction in which we make the gyroscope rotate. 
If nothing interferes, the gyroscope will come to the position OA or 0 A V 

We shall analyse mathematically these two properties, and in the meanwhile 
let us return to our atom in Fig. 1 and find a numerical expression for its angu
lar momentum. The vector representing this angular momentum must ob
viously be directed perpendicularly to the plane of the electron rotation and, 
as is easy to see, be of the same direction as the vector representing the magne
tic moment of the atom. If the magnitude of the former vector is denoted by
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L0 and the electron mass by m, then, preserving the previous denotations for 
r and co, we obtain

L0 =  m r2 to (lb)

(mr2 equals the moment of inertia of the electron about the centre).
Since the vectors L0 and M0 are of the same direction, they may easily be 

compared with each other. By a simple division of the equations (la) and (lb) 
we get

A
M 0 ( 1 )

The quantities r and co, whieh are not completely reliably known, are eli-
g

minated and there remains the ratio — already well determined. The extremely
m

simple numerical relation thus obtained is the elue to further analysis. Taking

— =  1-76 x 107, we obtain 
m

L0 = M 0 x M 3 x KM. (2)

If for simplicity we denote 1T3 x 10~7 =  A, then
L0 = ?.M0. (3)

We shall make use of the formula just in this form. I t  is very simple to pass 
from an atom to a magnetised body with a magnetic moment 31 =  Z^Iq and 
an angular momentum L =  ZL0. Obviously,

L =  A 31 (4)
since A is a constant.

We can now derive sueh a eonelusion: every magnetised body has not only 
a certain magnetic moment, but also an angular momentum of the same direc
tion, which can very simply be calculated according to the formula (4). Conse
quently, it appears as if in every magnetised body there is a top and so, if in 
the gyroscope setting shown in Fig. 2 a magnet is put instead of the rotation 
hand wheel, then the gyroscope is expected to behave in the same way as be
fore. This was predicted by Maxwell, and he based one of his experiments on 
this idea. He designed sueh a gyroscope with an electromagnet. Its description 
may be found in chapter VI, § 575 of the second part of his treatise on electri
city and magnetism. The electromagnet was put in a setting similar to an ordi
nary gyroscope setting, and rotated rapidly about the axis perpendicular to 
its magnetic axis. Maxwell expected in vain the magnet to turn in sueh a way 
that its axis may coineide with the axis of revolution. If we calculated, making 
use of equation (1), the pair of forces which should turn the electromagnet, 
then we would at once find this pair to be so small that it is insufficient even 
to overcome the friction in the bearings of the axis about whieh the electro
magnet should turn. In order to observe this negligible pair of forces, excep
tionally favourable experimental conditions should be chosen. The ruse in 
investigating electron inertia consists just in choosing a suitable experimental 
arrangement and a fine method for the observation.
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Einstein and dc Haas approached the problem in the following way. They 
took a small iron rod of a circular cross-section with a length of a few centimeters 
and a diameter of about a millimeter, suspended it by one of its ends on a fine 
filament and, letting current pass through the coil surrounding the rod, they 
were able to magnetise the rod. In reversing the magnetic polarity of a piece of 
iron, according to the above views the following should take place. The iron 
atoms under the action of the coil field will behave as small magnets and, if we 
assume that they can turn over, they will orient in such a way that the direc
tion of the vectors representing their magnetic moments may coincide with 
that of the magnetic flux produced by the coil. Magnetic fields thus produced 
by individual atoms will add up and form a self-maintained magnetic flux 
which is the property of ferromagnetic bodies. If iron is undergoing the magne
tic polarity reversal, then each atom will turn over by about 1S0°, and vectors 
defining the direction of the magnetic and angular momentum will assume the 
opposite direction. Since every atom is none other than a small gyroscope, in turn
ing over the atoms the same will happen to them as in the case of the gyroscope 
in Fig. 2. We have already mentioned that if we turn over the gyroscope the 
pair of forces will tend to turn it about the Z-axis in the direction in which the 
gyroscope rotated in its initial position. The same will happen also to the iron 
rod in reversing its magnetic polarity. In turning over the atoms there will 
arise pairs of forces, and the directions of these pairs will be identical, since all 
the electrons rotated initially in the same direction. These pairs will add up 
and transfer a certain angular velocity to the rod. I t  is easy to calculate this 
velocity using equation (4), and to see whether an experimentalist can detect 
it. Let us reason as follows. In the beginning our suspended rod was at rest. 
I t  was magnetised and hence had a certain completely defined magnetic mo
ment 31 and angular momentum L directed, say, upward. Now, if the magnetic 
polarity of the rod is reversed, then these two momenta will be directed down
ward, and evidently, equal to — M and — L. Since on the one hand we applied 
to the rod no external forces producing a rotational pair about the vertical 
axis and, on the other hand, it is well known from mechanics that angular 
momentum about the vertical axis cannot in this case change, this will be 
fullfilled only if the rod itself will twist about the vertical axis with such a 
velocity that the angular momentum of the system may remain constant. As 
the atoms turned over the angular momentum changed by L — (— L) =  2 L. 
Hence if we denote by & the angular velocity of rotation of the rod, and by Q 
its moment of inertia about the vertical axis then, obviously, the following 
equation must hold:

2L = aQ

Taking into account equation (4),

By means of this formula, it can easily be calculated that, if a rod of the 
diameter 0-2 cm is taken, then for a one obtains 0-6 x 10~2 radians per sec,
i.e., a value which is quite observable experimentally.

and a =

2 M
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In fact the following difficulties arise. In magnetising the rod, owing to 
non-uniformity of the magnetic field of the coil and an interaction between it 
and the poles of the iron rod, this last kicks so that it is absolutely impossible 
to observe such a negligible angular velocity. Einstein and de Haas overcame 
the difficulty in a very ingenious way. They let not a continuous but an alternat
ing current pass through the magnetising coil. In the alternating magnetic field 
the suspended rod was at rest since forces acting on it twisted it in turn in 
opposite directions and, owing to the smallness of these forces and the large 
mass of the rod, they induced no motion in the rod. The situation changed only 
for torsional forces lying in the horizontal plane as follows. If the natural period 
of oscillations about the vertical axis of the iron rod is chosen to be equal to

s

the period of the current circulating on the coil, then a resonance phenomenon 
takes place, all individual shocks accumulate, and the rod oscillates about the 
vertical axis. Other forces act on the magnet with the same period and tend to 
twist it about other axes without inducing oscillations, since the natural period 
of oscillations about these axes is completely different, and so no resonance 
occurs. Consequently, only forces lying in the horizontal plane affect the motion 
of the rod, and the forces of the effect studied pertain just to them.

In practice, this was carried out as follows. A small iron rod S  11 cm long 
with a diameter of 0-17 cm was suspended on a glass filament G as accurately 
as possible in the centre between two coils A j and A 2. The upper end of the 
filament was fixed to a horizontal stick lying on the edge of a copper tube fixed to 
a support. In order to set the rod in resonance by varying its period of oscilla
tions through adjusting the “working length” of the suspension, the following 
device was designed. At the lower end of a large tube E  there was a plug D in 
which a fine copper tube C Avas closely moving. By means of a screw P  this tube 
could be set at any height. At the lower end of the tube there was a clamp B
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which allowed one to pinch the filament at any spot by means of a spring F. 
Shifting the tube C one could easily achieve resonance, which was clearly seen 
from the motion of a beam obtained from a mirror fixed to the middle of the 
rod just between the coils. The device was enclosed by a large coil with a dia
meter of 1 m, which is not shown in the drawing, designed in such a way that 
in passing current through it one could produce a magnetic field compensating 
for the horizontal component of Earth magnetism. As we shall see later, this 
is necessary in order that the oscillations of the magnet should not be produced 
by completely extraneous effects. The experiment consisted in letting an alter
nating current pass through the coil and, by observing the amplitude of oscil
lations of the beam, plotting the resonance curve. This curve is shown in Fig. 4.

On the abscissa there are plotted frequencies which varied in the region 50-75 
to 48-50 periods per sec,while the amplitudes of oscillations of the beam expressed 
in mm were plotted on the ordinate.

I t  will be shown now how X in equation (4) can be computed from this curve. 
Let us make use of the basic relation of mechanics

D =  Q a, (5)

where D is the moment of forces about any axis, in our case about the vertical 
axis, Q is the moment of inertia, and a is the angular acceleration about the 
same axis. From relation (5) wc obtain

D dt = Q den. (6)

All subsequent calculations will be very much simplified if we assume the 
reversal of the magnetic polarity of our rod to be carried out in an infinitely 
small time interval in comparison with the period of the magnetising alternat
ing current. As appears from the following considerations, this is not a parti
cularly rough assumption. Since iron is magnetised up to saturation already in 
a weak magnetic field, even if the magnetising field produced by coils is many
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times stronger than the field sufficient to saturate the magnet, the magneti
sation will take place only during a short fraction of the period for which the 
current reaches only a negligible fraction of its maximum magnitude. Oscillo
graphic diagrams demonstrate this to be really so. Figure 5 shows two curves:

(1) a fairly smooth sinusoid representing the current, and (3) a curve , where
d£

J  is the intensity of magnetisation, with very pronounced maxima and steep 
sides pointing to the validity of the above reasoning. The time of magnetisation 
is very short. Assuming it to be 2 A t, the equation (6)

+  At
can be applied. The expression j' Q d a  represents changes in the angular

- A t
momentum and, as we have seen, is equal to 2 L. Recalling once again equation 
(4), we obtain

+ At
f  D d t  =  2L  =  2).M . (7)

- A t

If now we denote by Q the moment of forces which are produced bj  ̂ the 
filament as the rod turns by unit angle, and by P  the moment of forces which 
arc produced by friction as the rod rotates with unit velocity, then from the 
theory of oscillatory motions wre obtain the linear equation

D =Q 'ci + P d  + Q<x. (8)

D is obviously some periodic function of time, and we can expand it in a 
Fourier series in the form

D = £  Bn = cosn - ^ - t .
n= 1 1

In resonance the oscillation of the system will be affected by those terms of 
the expansion of D whose period of oscillations is the same as that of the natural 
oscillations of the magnet. This period will be denoted by T, and it is determined 
by the solution of equation (8) when P = 0. We obtain

It is quite evident that only the term n =  1 of the expansion of D will pro
duce oscillations and, hence, we can write
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where*
+ 1/4 T

n 4 f  2 :̂
B i = j r  j  Dcos —  td t .

-1/4 T

We split the integral into three parts
- A t  + At T/4

-B1 = -  /  D c 0 S ^ - t d t  +  -  j  D c o S ^ - t d t + ± j  D
271cos t a t .T

■T/4 - A t At (11)
T  TDuring the time from — — to — A t and from +  A t to +  — the magnetic

moment M  remains constant and, hence, there is no couple D, i.e., D = 0. 
Therefore the first and third integrals in the expression (11) vanish. In the time 
interval — A t to A t we can assume the cosine of a very small angle to be 
unity and, hence, we get

+ A tJ  D d t. (12)
- A t

Taking into account (7), we obtain

B , - —  2?.M.

Substituting B1 into equation (10) and solving it for a, we obtain

4A M<x 4 ]j[(47tQvf + P ^  ’
(13)

1where v is the difference between the frequency, —, of the alternating current

corresponding to the amplitude considered and the resonance frequency!.
I t  is clear that at v =  0 there is resonance and, therefore,

4 X M
CCt n  yp2 ' (14)

Eliminating from (13) and (14) P, which is a very undesirable quantity since

it is difficult to measure, and writing b =

Q

<x
(^max)

b2

, we obtain

A -  7i2— amax v „ y _ b 2 ■ (15)

* The expression for B x is taken from the theory of Fourier series. Obviously, the terms 
including sines are in the given case equal to zero.

t  This formula is derived with some simplifications for small r’s and, therefore, is suit
able only for a region close to the resonance.
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The magnetic moment M  and the moment of inertia Q are measured by 
methods well known in physics. The resonance amplitude a max, a, and any 
other amplitude and frequencies are obtained from the curve (4). The table 
presented below gives experimental data

Ordinates 28 v
tXI njrl /  62

|/ 1 -  b2

15 2-55 0-812 3-36
12 4-25 0-649 3-63
9 6-2 0-488 3-46
7 G-2 0-380 3-38
5 11-3 0-271 3-18
4 13-7 0-217 3-04
3 17-3 0-163 2-68

Thus it turned out that
Q =  0-0126, M  =  458, a max =  0-320 x 10-2

whence the average value of A is 1-11 x 10~7 instead of 1-13 x 10“T, which is 
very accurate despite the rather approximate character of the experiment.

In discussing the theory of the experiment we have taken into consideration 
no possible errors which may distort the effect observed. Incidentally, factors 
that could give rise to the errors are rather numerous, and it is very important 
to take them into account. The point is that all the above calculations referred 
to an iron rod completely isolated from the external world, and upon which no 
external forces are acting except those of the elastic torsion of the filament and 
the force of friction. But in fact our little magnet is far from being absolutely 
isolated, and many quite undesirable forces are acting upon it. Let us consider 
these forces and see whether they can give rise to the same effect which pro
duces the phenomenon studied. I t  is quite understandable that only a couple 
which is lying in a plane perpendicular to the gravitational force can produce 
torsion about the suspension point. Such a pair may on the one hand arise from 
the interaction of the permanent Earth field with the magnetising alternating 
field of the coil and, on the other hand, from the interaction of the magnetic 
poles of the rod, if these are not situated symmetrically with respect to the 
vertical, with Foucault currents. However, Einstein and de Ilaas have demon
strated the effect of Foucault currents to be absent by suspending instead of 
the iron rod a copper rod, which obviously could turn only if affected by Fou
cault currents, but which they found to remain completely at rest, performing 
no perceptible oscillations.

The situation as regards the interaction of the alternating magnetic poles with 
the Earth field is worse. If the magnetic moment (the straight fine connecting 
the poles) of our rod does not coincide perfectly with the vertical axis, but has 
a certain horizontal component, then the Earth field will act on this component, 
producing a couple which may turn the little magnet. Since the horizontal com
ponent of the magnetic moment will change its sign periodically, so will the
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pair of forces. One cannot warrant that the magnet poles are lying strictly 
on a vertical, if only because of the non-uniformity of the iron itself and the 
difficulty in centring the pendant and, therefore, the probability of the 
presence of the horizontal component is high. Hence, one has to reduce as 
far as possible the effect of the Earth magnetic field. This is carried out just 
by the large coil already mentioned before. Another factor which may produce 
the horizontal pair is the interaction of these eccentric poles with the magnetis
ing alternating field of the coil. A torsion might occur also if the little magnet 
had a constant horizontal component of the residual magnetism which, inter
acting with the same alternating field, could introduce an error. All these errors 
can be estimated only by producing artificially unfavourable conditions. For 
example, one may incline the coil and observe whether a decrease or increase 
in the amplitude of the beam oscillations appears on the scale. I t  turned out 
that, even if there were such torsions, they would be very small, even in com
parison with the phenomenon studied. Moreover, these interfering phenomena 
differ from the effect studied by the phase of their oscillation.

Somewhat later Einstein3 changed very ingeniously the conditions of his 
experiment, although he performed in it no quantitative measurement of the 
phenomenon, but confined himself only to a demonstration of the effect.

The change introduced by Einstein consisted in the fact that, instead of 
reversing the magnetic polarity of the iron rod by an alternating current, he 
made use of a very short-duration current from the discharge of a condenser 
through the coils. Such a short-duration current cannot give rise to oscillations 
of the rod, but because it is quite sufficient to reverse the magnetic polarity of 
the rod the magnitude of the effect remains the same. Discharging the con
denser through the coil in different directions, Einstein observed the oscillations 
of the beam.

Here we conclude the description of investigations on the effect of torsion of 
a body as it is being magnetised, and proceed to the second part of our article, 
namely to the Barnett experiments. They were carried out in America and 
published almost simultaneously with the foregoing work. In essence, the phe
nomenon studied by Barnett appears to be the reverse of the above described 
phenomenon. Einstein and dc Haas observed the rod starting to rotate when 
magnetised while Barnett observed magnetisation when the rod was rotated 
with a large velocity. This magnetisation should result from the same atomic 
gyroscopic properties to which also the foregoing effect is due. We already 
know that the gyroscope in Fig. 2 in rotating about the support will tend to 
turn in such a way that its axis of revolution may coincide with that about 
which we are turning the support. The same must happen to every atom as the 
rod is rotating: all of them tend to get so that their angular momentum may 
coincide with the axis of revolution of the rod. Such a tendency will give rise to 
a change in the orientation of the atoms, which will manifest itself in the fact 
that the rod will acquire a certain magnetic moment or, in other words, become 
magnetised.

Let us now try to calculate the couple D which tends to turn the atom 0  in 
its rotation about the axis Z 1—Z  with an angular velocity (Fig. 6). For the
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atom \vc shall retain the same notation which we used in deriving the equation (4). 
Let L° be its angular momentum, which in Fig. 6 is denoted by the vector 
OA making a certain angle /? with the plane perpendicular to the Z Z y axis. If 
then in rotating the rod had turned by a certain angle dI2 while the atoms went 
over from the position 0  to 0 1, then the angular momentum OA changed some- 
Avhat its direction. This change is represented by the vector A A X1, where 0 A 11 
is parallel and equal to 0 1A 1. I t  may easily be seen that

A 1 A lt  = L0 cos/? d Q (16)

z

If we recall now the formula (6) and rewrite it in a somewhat different form, 
then we get

dQd
d< (17)

Since dQ & is the change in the angular momentum in an infinitely small time 
interval, and in our case is equal to A 1A 11, for the couple D we obtain

D = L 0 cos/? d!2
d£ L 0 cos/? 0  i (18)

I t  is the couple D that will tend to set our atom in such a way that its angular 
momentum OA may coincide with the Z Z Vaxis. We do not know which force 
prevents the iron atoms from aligning in this direction, but it docs exist for, 
if it did not, then the iron would get magnetised up to saturation at the smallest 
angular velocities. This interfering force is evidently the same that opposes 
the alignment of atoms under the action of a magnetic field. Indeed, if our atom 
is put in a magnetic field directed along the Z Z X-axis (Fig. 0), then our atom 
will a t the point 0  be acted upon by a certain couple

D1 =  M 0 cos/? II 

where II is the strength of the magnetic field.

(19)
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We have no reason to assume that the couples D and Dx will have different 
effects on the atom, and that forces opposing these pairs will be different. 
Comparing (18) and (19) with each other and equating D = Dx, we obtain

* - - * ; * ■  <20>
and, recalling (3),

H = X Q .  (21*)

From (21) it is evident that rotation of the atom about the Z  Zx-axis with a veloc
ity £> is equivalent to the effect of a magnetic field of strength X Q upon the 
atom. Obviously, all the considerations referring to one atom may be extended 
also to all other. Then formula (21) assumes the following physical meaning. 
Every ferromagnetic body rotating with a velocity Q gets magnetised in the

K,

same way as if it were put in a magnetic field of the strength X Q. We know 
well and can easily measure the magnetisation of a rod in a magnetic field. Hence 
it will be easy for us to check (21) experimentally, although we know nothing 
about forces opposing the turning of the atoms in the rod.

From (21) it may be seen that even if the rod is made to rotate with a very 
large velocity, the magnetisation will be negligible, so that rather serious ex
perimental difficulties arise. Barnett approached his task as follows. He took 
two rods A 1A 1 and B 1B 2 of mild steel (Fig. 7) about 1 m long and 7 cm thick, 
put them at a small mutual distance in parallel to each other and perpendicularly 
to the Earth magnetic field. The ends of the rod were lying on bronze bearings 
in which they could rotate freely. Coils K 1 and K 2 of 5000 turns were put on 
each rod. By means of a fluxmeter F  these coils were engaged counter each

* This formula is somewhat approximate. A more rigorous derivation taking into 
account the change in the angular momentum occurring in the atom itself in the rotation 
gives

but then term .A. is so small that one can safely disregard it, and then we obtain (21). 
2 to
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other. Such an engaging presented the following advantage. Ever existing os
cillations in the Earth field did not produce a considerable magnetisation of the 
rods, because these were placed perpendicularly to the magnetic meridian, and 
a negligible effect which the Earth field could still have on the rods would pro
duce in the both rods the same magnetisation and, owing to the counter engag
ing of the coils, would not induce deflections of the fluxmeter. Further, in 
order to attain a complete isolation from the effect of the Earth field, as in 
the foregoing work, one had to compensate for the Earth field by the same arti
ficial field. The experiments rvere carried out with only one of the two rods, 
while the role of the other rod was obviously only to compensate. The rod 
under investigation was set in rapid rotation up to several thousand turns per 
minute by means of a small air turbine. During the experiment special precautio
nary measures were taken in order that accidental fields arising from currents 
in electric networks might not act upon the rod. The room in which the experi
ments were carried out was far away from electric networks. All measures were 
taken also to avoid magnetic effects of permanent magnets, and in the room no 
iron objects were in the vicinity of the rods. Therefore, the rod was set in rota
tion not by an electromotor but by such an unusual motor as an air turbine 
made of bronze. The rod which was set in rotation slowed soon down, and then 
the fluxmeter deflection, obviously proportional to the change of the magnetic 
flux in the rod, was measured. The deflection was measured by means of a beam 
obtained on a scale put a t a distance of 8 m from it, with an accuracy to within
0-1 mm. I t  never exceeded 3 mm—so negligible were magnetic fluxes arising 
in the rod in its rotation.

A simple device made it  possible to magnetise the rod not only by rotation 
but also by current. For this purpose a very long cardboard cylinder about 
which a filament was uniformly twined was put between the coil and the rod. 
Letting current pass through the filament any magnetic field could be pro
duced, and the resulting magnetisation of the rod could be measured by the 
same fluxmeter. Thus, one intended to check equation (21) by determining 
the quantities H  and Ci producing the same magnetisation.

As a matter of fact, it turned out that the rod indeed gets magnetised. But, 
contrary to what was to be expected according to theoretical considerations, 
this magnetisation did not change its sign as the direction of rotation of the 
rod changed. At first sight this contradicts all of the aforesaid. However, a more 
thorough analysis has shown that the magnetisation in the rotation may be 
due also to other causes, and so the effect observed appears to be the sum of 
several ones. Another cause giving rise to the magnetisation of the rod turned 
out to be the following. Since it is impossible to get a completely demagnetised 
rod, there are always internal magnetic fields in it neutralising one another and 
thus producing only an apparent demagnetisation of the rod. In rotating the 
rod, it becomes deformed owing to centrifugal forces, the equilibrium between 
the internal fields is disturbed, the fields areas if coming out and producing a 
magnetising flux. Since the deformation of the rod is independent of the direc
tion of its rotation, it is evident that these fields will manifest themselves in 
the same way ’whatever the rotational direction may be. Another property of
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this magnetisation is that it is probably proportional to the rod deformation 
which is in turn proportional to the centrifugal forces. Thus we come to the 
conclusion that this magnetisation is proportional to the square of the veloc
ity of rotation of the rod. In compressing the rod by means of a press and, 
thus, producing a deformation very similar to that arising from centrifugal 
forces, Barnett corroborated these assumptions by observing the rod to get 
indeed approximately magnetised as in rotation.

Owing to the difference between the dependence on velocity of this magneti
sation and of the one sought for, these two may be separated. This is carried out 
as follows. If we denote by B  the moment of the magnetic induction in the rod, 
then it is equal to

B  = a& + b & ,  (22)

where a and b are certain constants for a given rod. The first term of (22), 
a Q, obviously produces the fraction of magnetic flux corresponding to the 
effect studied, while the second term, b Qz, represents the fraction of magnetic 
flux due to the deformation of the rod. Measuring B  for a number of Q we shall 
determine a and b and, thus, shall be able to separate the magnetisation in 
which we are interested.

From equation (22) it is also evident that, if the rod is made to rotate in diffe
rent directions but with the same velocity, then the difference in the deflection 
of the fluxmeter will be equal just to the doubled effect. All these considerations 
allowed Barnett to show that the magnetisation of the rod dependent on the 
direction and proportional to the angular velocity of this rotation indeed takes 
place. Figure 8 shows the experimental curve. On the abscissa there are plotted 
quantities proportional to the angular velocity of rotation of the rod, while on 
the ordinate there are plotted differences in the deflection of the fluxmeter for 
the rotation of the rod in different directions with corresponding velocities. The 
dependence proves to be close to a straight line, as predicted by theory.

A check of the expression (21) by comparing the magnetisation due to rota
tion with that produced by the solenoid mentioned above gave for A a value 
of 0-493 x 10~7 instead of the expected value 1-13 x 10~7. The discrepancy is 
obviously explained by experimental error arising in measuring very small 
deflections. In any case, the experiment rather corroborates than contradicts 
theory.
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In  the end, it should be noted that the assumption that a body in its rotation 
must get magnetised is not new. This physical idea often imposed itself not on 
the basis of some theoretical considerations but directly from the fact that the 
Earth axis of revolution coincides with the magnetic axis. Even such a great 
experimentalist as P. N. Lebedev devoted one of his studies to this problem. 
There are also many other relevant studies. But the work of Barnett was the 
first to give a definite solution to the problem, although it did not explain the 
origin of the Earth magnetism. If according to Barnett the Earth gets magne
tised in the same way as the rod in his laboratory, then the direction of the Earth 
field would be the same as in reality, but its strength would be 5 x 1011 times 
less than the true one. Perhaps, inside the Earth there is a substance which 
gets magnetised more strongly than the rod of Barnett; you see, we know 
nothing about what fills the terrestrial globe.
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2. THE PREPARATION OF WOLLASTON FIBRES*

The usual method of preparing Wollaston fibres consists in etching them in 
nitric acid. There are two generally adopted methods. One of these consists in 
the following. The Wollaston fibre is immersed in a 10 per cent solution of 
nitric acid heated to 60o-70°. In this method silver is coming off for a rather 
long time, usually for a few days. The second, more rapid, method consists in 
immersing the Wollaston fibre in concentrated, heated nitric acid, in which 
silver comes off considerably more rapidly. A disadvantage of both methods is 
that the overall procedure takes very much time, though in the first case the 
results turn out to be relatively good. In the second case the filaments break 
more often.

The rupture of the Wollaston fibre is accounted for by many causes. Firstly, 
the filament often breaks beneath the silver armour already in the course of 
wire-drawing, secondly, very much depends on the nitric acid itself which, if 
not perfectly pure, may corrode the platinum, thirdly, very undesirable hydro
gen bubbles emerging on the filament pull it upward and often cause ruptures 
at weakened spots. Finally, there are effects of various internal tensions in silver 
and platinum, which may arise in wire-drawing, and in the course of taking 
off the armour they may show up and facilitate the rupture. All of these causes 
in all likelihood make the preparation of Wollaston fibres a risky operation.

fire. 1

* 11. J l .  K a m m a , IIp m 'O T o n jiem ie  DOiiJiacTiioDCKiixx n iiT elt, atcypucui pyccv-oso cfiitauKO-ruMv- 
‘lecKoi’o o6u\ecmea, (fiimtneeKuit omdes, 4 8 .  3 2 4  (1 9 1 6 ).
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I succeeded in a somewhat more successful release of the filament from silver 
by making use of electrolysis. The procedure was as follows. A Wollaston fibre 
nn  of the length needed was taken, its ends were fixed to a copper stick a 
(Fig. 1) which was connected to the accumulator clamp b. The middle sagging 
part of the filament was immersed in a 10 per cent solution of chemically pure 
nitric acid which was poured in the vessel C and served as the electrolyte. A 
platinum filament or carbon rod d served as the cathode. A current of few mili- 
amperes was supplied by an accumulator. Thus the silver armour could be 
removed in the course of 10-30 min, depending on its thickness. In addition 
to its rapidity and avoiding working with concentrated acid, this method has 
also the following advantage. Since hydrogen bubbles arc emerging on the 
cathode, the Wollaston fibre is free of the bubbles, and one of the causes of 
filament ruptures is eliminated.

In order to improve still more the procedure of the preparation of a filament , 
it should be relaxed before its immersion in the bath, i.e., the internal tensions 
should be reduced. This is carried out by letting pass through the suspended 
filament a current of such an intensity that the filament may slightly incan
desce (observe in dark). Then the current is made somewhat less intense, 
thus letting the filament cool down slowly.



3. A METHOD OF REFLECTION FROM CRYSTALS*

A very  homogeneous X-ray beam can be obtained by means of crystal reflec
tion. However, if only one crystal is taken, then the beam reflected will be of 
a very low intensity.

The aim of my preliminary calculations is to show the most rational way in 
which a polycrystalline set may be designed in order that the beams reflected 
may concentrate in one point, giving thus a more intense X-ray beam.

From data of Bragg one may infer that when X-rays are falling on a crystal 
surface only a beam of an aperture of few minutes (5'-10') is used, whereas 
a theoretical estimation by Darwin gives the angle of 3”. This fact associated 
with the observed effect of the absorption by a crystal medium on the intensity 
of reflection, can be accounted for by the crystal surface being not quite per
fect, since in the crystal there are a number of very small individual regions 
whose orientation varies within a range of few minutes.

In order to explain the process of reflection from a crystal plane let us dwell 
in somewhat more detail upon Fig. 1. In the point 0  there is a point source of 
X-rays. All rays whose glancing angle satisfies the condition

n X = 2d sin0 (1)

will be reflected from the crystal surface ABC.
If the crystal surface were perfect, then only a ray OB would be reflected. 

However, since rays OA and OC will encounter at a certain depth in the crystal 
a plane satisfying the condition (1), they will also be reflected. If one assumes 
the depth of penetration of a ray in the crystal to be very small and disregards 
a ray-divergence angle of 3”, then after reflection all rays will gather in one 
point O' symmetrically situated with respect to the point 0  (where OB =  O'B, 
and Z. A B O  =  A C  BO' =  8). This fact has been used to obtain a sharp line 
in photographing the spectrum.

If in 0  we have not a point but a certain area of a width a (the focus of 
the anticathode or a slit), then in O' we shall obtain its fairly sharp image, as 
can be seen from Fig. 2. From the same drawing it is easy to find the “working 
surface” d of the crystal for a slit width a and an aperture A 0 of the beam used:

d = a +  IA 6 
sin0 ( 2 )

In such a way the problem about which surface of the crystal is useful is 
solved.

* II. JI. Eamma, McTOfl OTpaiKeiin.fi o t  hpncTaJiJiOH, Beaman: pcmmeHO-iuevv, u paduo.toeuu, 
omdeA (pusuK-mexHunecKuti, 1* 33 (1919).
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Let us now solve the problem in which way individual crystals are to be 
arranged in order that all of these may collect the rays in one point. Figure 3 
shows how individual crystals are to be prepared and put together in order that 
all of the rays may gather in O' when the source of rays is placed at 0. Each of 
the crystals has the form of a little prism with the trapezoidal cross section abed. 
This prism is cut out of the crystal in such a way that the sides ab and cd of the 
trapezoid may be parallel to a certain plane of the crystal. All the non-parallel

Crystal
A B C

Crystal

crystal planes are converging to one point located at a distance 2r from the 
centre of the trapezoid. Such little crystals put or glued together form an arc 
M N S P ,  which will henceforth be called the echelon.

From such a combination of crystals a part P l t S  is (tut out along the circum
ference of a circle of the radius r (in the drawing this part is not hatched). I t  is 
easy to show that an echelon so produced will reflect to the point O' the rays 
emerging from the point 0. Let us choose our source of light at the circumference 
of the radius r in such a point that the glancing angle of the ray OR until the 
crystal plane in the point R may be equal to 0. I t  is obvious that the point 
O' will lie symmetrically with respect to the line RK.  Take now any one of the 
little crystals to the point S  and consider how the beam OS will be reflected. 
I t  is easy to sec that /_0'RO — AO'SO,  as angles resting on the same arc. 
Moreover, from the design of the echelon it is evident that K S  is perpendicular
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to the crystal plane in the point S. Furthermore, the line K S  divides the angle 
OSO  into two (the arc OK =  the arc O'K). From this it is obvious that the 
incident beam OS and the reflected one O'S satisfy the condition (1) with 
respect to the crystal plane.

b c
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The perfection of concentration of rays by such a lattice depends on a number 
of circumstances. Little crystals at the ends of the echelon will not give a 
perfectly sharp image; on the sides of this image there will be two penumbrae 
(see Pig. 4) whose width u is equal to

u = \{l" -  I') AO,

where I' =  OA and I" = O' A.
Let us express I" — V approximately in terms of r and the length b of the 

echelon. From A OA R  and A O' A R one obtains approximately
I '2 =  r2 +  ty&)2 — b r cos0,
I"2 ^  r 2 _|_ (1 ft) _|_ ft r cos 6 ,

whence
1'2 — I"z ^ 2 b  r cos0.

Fig. 5

If it is assumed that I' +  I" =  2r, we obtain

fj, <■■■■' i  b s 6 cos 0 . (3)

owing to which the width of the image will be enlarged.
Furthermore, the width of the image depends on the height h of the slit in 

the point 0  and on the height K  of the echelon. Indeed, every radiation centre 
in the point 0  will give an arc in the point O' (as can be seen, a segment of a 
hyperbola). Superposing on one another, these arcs will give a picture similar 
to the one shown in Fig. 5 (in the drawing the effect is grossly overstated); 
the width of the tail will be h, and the span will be 2K.  In the middle part the 
diffuseness will not be considerable, hence in further calculations we disregard 
this effect.

The homogeneity of the light from this echelon will depend to a considerable 
degree on the width a of the slit, and it is easy to show that

—  = 2 ^  +  z l0 )co t0 . (4)

The intensity of the reflected beam for a given surface of the anticathode will 
depend greatly on whether the position of it with respect to the echelon is
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correct. From Fig. 2 it may easily be seen that wherever we place the radiation 
centre in the region A B C  all rays of given wavelength in a beam with the 
ray-divergence angle A 0 will be reflected and will hit O', whereas radiation 
centres located in the region M A C  B N  will not be used as completely as 
possible, and centres lying outside these regions will not be used at all.

Let us try to calculate the intensity of the beam reflected from the echelon. 
For this we shall assume that a plate is put at a distance 2r from the anti
cathode, and that an area p of this plate, equal to the area of the image obtained 
from the echelon, is irradiated by monochromatic rays passing through an

ideal light filter*. An angle ----- ---- from each radiation centre of the anti-
4tt(2 r)2

cathode will be used and, since the number of radiation centres is proportional 
to the area of the anticathodc equal to ha, the intensity of the irradiation will 
be

h a p  
1 =  47r(2r)2 ’

If now the same plate area p is irradiated by means of the echelon, then a
kA 6solid angle ------- from each radiation centre will be used by each of the n
471 r

elements of the echelon, while the total intensity of reflected rays from all of 
the radiation centres and by the entire echelon will be

J 2 =  p w k h a A 0 
4:71 t 9

where p is the reflection index, which is a quantity little investigated, but 
which is according to certain studies by Bragg very approximately equal to
0-25.

The plate area p will be (2k -f- h)(2u + a), whence

ri n AO k4r
~ T = 1 -----«------- • 6)V

A  N u m e r i c a l  E x a m p l e

An echelon is made of rock-salt, and a rhodium line is to be monochromatised.
The width of slit is a =  0-03 cm. The height of the slit and the echelon 

is h =  k =  3 cm. The angle A O' can approximately be taken as 5', Z_ 0 — 11°8'. 
The radius of the circle OR O' K  is r — 15 cm.

According to formula (2) the width of an clement of the echelon should be 
assumed to be d =  3 mm. If the number of the elements of the echelon is 
n =  30, then the width of the echelon is b = n d = 9 cm. The width of the 
penumbrae of the slit image is, according to formula (3), u =  0-12 mm.

By means of formula (4) we find ZlA/A =  0-04 =  1/25.

* An ideal light filter is understood to be one which transmits a certain wavelength 
completely without absorption, whereas all other wavelengths are completely absorbed.
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The area p of the slit image is equal to 0-5 cm2, whence means of formula 
(6) we obtain for the intensity J 2jJx =  4.

Another method of collecting raj^s reflected from crystals, proposed by 
M. M. Glagolev, consists in placing the crystal surfaces tangentially to the 
periphery of a circle whose plane is perpendicular to the line connecting the 
radiation centre 0  with its image O' (Fig. 6). In such a way one obtains a ring 
which can be made of bent mica, or glued together of individual little crystals,

F i g . 7

as shown in Fig. 7. An echelon of such a design perfectly collects rays in one 
point, while the degree of monochromatisation of the beam obtained is deter
mined by the width of the ring.

The homogeneity of the light obtained may be increased by putting a lead 
membrane in the middle of the circle, as shown in Fig. 6. The homogeneity of 
the light is then determined by the width of the gap between the membrane 
and the reflecting surface of the crystal.

These two methods cover all possible combinations for collecting the reflected 
rays in one point. One more possibility is to be noted, namely the application 
of crystal surfaces with variable lattice spacing d (of formula (1)). Such crystal 
surfaces may be obtained by deformation of the crystal, or by a partial heating. 
Figure 8 shows how by means of a stretched crystal of an irregular form the
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r a y s  can be collected f ro m  th e  la rg e  s u r fa c e  o f t h e  a n t i c a th o d c  in to  o n e  p o in t .  
and a r e d u c e d  image of t h e  a n t i c a t h o d c  o b ta in e d .  F ig u r e  9 sh o w s  h o w , h e a t in g  
from one side a ring s im i la r  t o  t h e  o n e  in  F ig .  6 b y  e le c t r ic  c u r r e n t  p a s s in g  
through a wire w o u n d  a r o u n d  i t ,  a  l i g h t  b e a m  o f a  m u c h  l a r g e r  d iv e r g e n c e  t h a n  

A 0 can be used from the a n t i c a t h o d c .

F ig . 8
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4. THE KOCH RECORDING MICROPHOTOMETER*

I t  is known, that from the spectrum photograph of any light beam the wave
length distribution can be inferred. For this it is necessary to know the depen
dence of the blackening of the plate for a certain exposure on the intensity of 
the incident beam of a given wavelength. Furthermore, one has to measure 
the blackening of the plate.

For this last purpose the photographic plate is compared photometrically 
with a blackening standard. This operation becomes rather difficult when one 
has to determine the plate blackening over a very small area as, for example, 
in measuring the intensity distribution in spectral lines or in interference rings. 
Thus, if a spectral line of a width of 0-3 mm is to be measured at 20-30 spots, 
then one has to measure the blackening of an area of a width of 0-01 mm. For 
photometric measurements over such a small area Hartmann proposed a 
special microphotometer, where the small area is magnified by means of a 
microscope, and then measured. The work with the Hartmann microphoto
meter takes much time and is very tiresome. Thus, already the measuring 
instrument itself has to spend about an hour for each spectral line. If there are 
many lines in the spectrum, the difficulty of the work is evident.

The Koch recording microphotometer to be described has the advantage that 
by means of it photometric measurements are carried out completely automati
cally. The principle of the Koch device consists in the following. A light beam 
passes through a spot of the photographic plate to be measured, and falls on 
the photosensitive layer of a photocell. The excited photoelectric current, on 
the condition of strict constancy of the light source, will depend solely on the 
plate blackening at the spot at which the light beam penetrates the plate. 
Obviously, knowing the relation between the blackening and the photoelectric 
current we can use the current to measure the blackening. To do this one has 
to calibrate the device according to blackening standards. Koch improved this 
method also by reducing through self-recording devices the overall photo
metric measurement to a purely mechanical process. The results of photo
metric measurements are obtained in the form of a curve with abscissae 
corresponding to different spots of the plate measured, and ordinates propor
tional to the photocurrent.

The technical device is designed as follows (Fig. 1). A plate to be measured 
is put on the microscope desk K  winch can be moved by means of a micro
metric screw. The plate is illuminated by a Nernst lamp concentrated by two 
short-focus lenses L t and L 2. By means of the microscope objective 0  a magni
fied image of the photographic plate in the point r is obtained, uliere a dia-

* II. JI. K’amma, PemcTpnpyioiuiiii MinqintjiOTOMCTp Koxa, Bccvihuk ycwmcHOJiozuu u 
'paduo.'iosim, omde.i <fiv3UK-mpXHtmccKnii, 1, 54 (1919).
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phragm with an orifice singles out a small part of the plate image. Such a 
device makes it possible that no particularly narrow orifices are required. Thus, 
for example, an orifice of a width of 0-02 mm at a five-fold magnification 
separates a region 0-004 mm wide out of the plate measured.

After having passed through the slit, the light impinges on the photo
sensitive layer of a photocell Fx. If now the photocurrent is measured directly 
by a galvanometer connected in series to the photocell, then random variations 
in the intensity of the light source will distort the results of the measurement.

N
Fig. 1

In order to avoid this error, Koch has applied the following arrangement. To 
the photocell F x there is connected in series a similar photocell F 2 irradiated 
by a part of the same beam as the photocell F1, separated by means of a glass 
plate v.

The measurement is carried out not by a galvanometer but by a string 
electrometer which measures the potential in the point D between the 
photocells and F 2. The scheme of the connections is shown in the drawing, 
where E  is the electrometer, F 0 a storage battery for 120 volts, It the safety 
resistance, and V1 and V2 storage batteries for 100 volts each, defining the 
potential at the disks of the string electrometer. In such a circuit ten-fold 
variations in the intensity of the light source produce variations in the galvano
meter deflection by only 0-01 of its maximum value.

The self-recording part of the device is designed as follows. The filament of 
the electrometer is projected on a photosensitive plate P2. This photographic 
plate is placed in an opaque box B with a narrow slit, so that only a very
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small segment of the filament is projected on the plate. Obviously, if the plate 
P2 is made to move synchronously with the plate P1, then the projected 
segment of the electrometer filament will draw on the plate the curve searched 
for. The synchronous motion of the plates P 2 and P1 is carried out by a simple 
mechanism. On the micrometric screw moving the microscope desk with the 
plate Pj there is put a drum H  around which, as the screw is turning, a string 
0  is winding which is thrown by pulleys dj and d2 and on which the plate P 2 
is suspended. The micrometric screw is set in rotation by a clockwork A. By 
such a transmission system it is achieved that large displacements of P 2 
correspond to very small displacements of the plate Plt and that the spectral 
line to be investigated is as if substantially enlarged. The maximum degree 
of this enlargement was in Koch’s case about 50, but for purposes somewhat 
differing from the photometric measurement of spectral-line photographs this 
gear ratio was to be increased to 1000. I t  is in laboratories of the photographic 
firm Kodak that Tugman undertook a study of possible image sharpness on 
various photographic plates. For this purpose the plate to be photometrically 
measured was prepared in the following way. A very sharp rib (a razor blade) 
was put on the plate, and then it was exposed to light. After development the 
shade of the blade was photometrically measured. In addition to the gear ratio 
one had also to increase the microscope magnification, so that one succeeded 
in cutting a band 0-0025 mm wide out of the plate. In such high displacement 
ratios of the plates P1 and P 2 any imperfections in the transmission mechanism 
count very much. In the transmission system applied by Koch the measure
ment error due to imperfection of the transmission amounted to 1-5°.

But the largest errors in working with the Koch device arise from the fact 
that the photoelectric effect upon which the functioning of the device is based 
represents a very weak phenomenon with which various by-phenomena may 
easily interfere. Hence in constructing the device special attention should be 
paid to electrostatic safeguards and insulation. The photocell and conductors 
connected to it should be placed in hermetically sealed metal boxes in which 
the air humidity is removed. All insulators must be made of amber.

However, in spite of all the precautionary measures the device has a dis
advantage called by Koch the inertia.

The point is that in changing the intensity of illumination the electrometer 
attains it maximum deflection not at once but rather slowly. Koch first 
assumed that this may be accounted for by the fact that the photocell has a 
certain capacity (about 35 cm) and a rather considerable resistance (of the 
order of 106 ohm); hence a considerable time must be spent to charge it, but 
nevertheless according to calculations not more than 0-5 sec, whereas the 
electrometer keeps on creeping for 3^1 min. As to the final deflection, for given 
blackening it proves to be sufficiently constant not only during one photo
metric measurement but also from day to day.

Thus, in order to achieve sufficient accuracy in photometric measurements 
one had to change the velocity of the plate displacement (for the motion 
velocity of the plate P l of 1 mm per 3 min an error of not more than 1-2° is 
introduced). Kocli assumes the cause of the electrometer lag to lie in the fact
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that the ionisation of the photocell occurs not at once but over a certain time 
interval. However, Elster and Heitel have shown that this point of view is 
incorrect: the cause lies in charges creeping inside the photocell, and the lag 
can be substantially reduced by a correct design of various safety devices. 
Calibrating his device Koch found tha t the highest sensitivity is reached in

Fig. 2

measuring weak blackenings. In Fig. 2 different blackenings are plotted on the 
abscissa, while electrometer deflections are plotted on the ordinate. As is seen, 
in going over to the most intense blackenings the curve denoted by a solid 
line becomes nearly horizontal. This makes the difference between the Koch 
and Hartmann devices, the maximum sensitivity in this last being just at 
intense blackenings, as seen from the«dotted curve of Fig. 2, where the abscissae 
are the same, while the ordinates are the readings of the microphotometcr 
drum. Hence for measurements by the Koch device it is better that the plates 
to be photometrically measured have shorter exposures than usual.
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In order to evaluate liis device in comparison with that of Hartmann, Koch 
measured the same photograph of the ring from the Fabri and Perot interfero
meter by both devices, and compared the results. In Fig. 3 the measurement 
data arc reduced to the same units, the points obtained by the Koch device 
being denoted by the crosses, and those obtained by the Hartmann micro
photometer by the circles. As is seen, the agreement is very satisfactory.
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5. THE DEPENDENCE OF THE EMISSION 
EDGE OF THE CONTINUOUS X-RAY SPECTRUM 

ON THE AZIMUTH OF THE EMISSION 
AND THE INFLUENCE OF THE 

ANTICATHODE METAL*

When electrons arc impinging on the anticathode surface there takes place the 
emission of X-ray spectra of two kinds: the first, the so-called characteristic 
spectrum resulting from the fact that under the effect of the electron impact 
electron transitions from one orbit to another are occurring in the atoms; the 
second, the continuous spectrum, which is so far accounted for by the fact that 
electrons in hitting the anticathode lose abruptly their energy and emit 
electromagnetic pulses which result in a continuous spectrum. The wavelength 
distribution curve calculated on the basis of this conception gives at a certain 
wavelength the maximum energy. At wavelengths lying on the left and right 
side from this point the energy gradually decreases and approaches asymptoti
cally zero. However, studies by Duane and Hunt, Wagner, and Webster have 
shown that, as a matter of fact, there is no such continuous intensity distribu
tion, but the spectrum is abruptly cut off on the side of short wavelengths. This 
limiting shortest wavelength emitted by the anticathode corresponds to a 
frequency satisfying the quantum condition

e V =  h v
where e is the electron charge, V is the potential applied to the tube, and h is 
Planck’s constant. In terms of the former theory of the continuous-spectrum 
production by electromagnetic pulses such a contradiction can be explained 
in two ways.

(1) Either electrons in their abrupt deceleration emit radiation according to 
the quantum condition, or (2) the continuous spectrum is produced not by 
electrons undergoing the deceleration but by intra-atomic electrons excited by 
the cathodic beam. For contemporary radiation theory it is of great interest to 
find out which of these two possibilities is the true one. Indeed, so far the 
quantum condition has been fulfilled only in phenomena in which the atom 
was directly involved, and it could be assumed that the quantum law is due 
to intra-atomic mechanics. But, if it could be shown that in the deceleration 
of a moving electron the emission also obeys the quantum rule, then it is 
obvious that the quantum law would appear to be extremely generalised by

* II. Jl. Kamma, 3aBnciiMocTL rpanimn JiyqeKcnycKaiiiia b cnJiomnoMpenTreiioBCKOMcneKTpe 
ot acuMyra ncnyCKaiinfl ii BJiiumne MeTajuia aimiKaTOfla, Ycnexu (fiu3WiecKux hcujk, 2, 322, 
(1921).
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this fact, and we would have to admit that in any change of the electron energy 
from wx to w2 there will take place an emission with a frequency satisfying the 
condition

w1 - w i = hv .

Zecher4 in his study attempted to solve the problem about the origin of the 
continuous spectrum, i.e., whether this last is due to the deceleration of 
electrons or to radiation emission by other electrons. If the emission were 
actually due to electrons undergoing the deceleration, then the electromagnetic 
oscillations, as shown by Wien and Sommerfeld, would be expected to be not 
the same in all directions but, according to the Doppler principle, waves 
propagating from the exciting centre in the direction of the electron motion 
would be shortened and, conversely, those propagating in the opposite direction 
would be lengthened. In observing the waves at intermediate angles, we shall 
have intermediate values for the wavelengths. Zecher has calculated that this 
change in wavelengths in contemporary tubes may attain a few times ten 
per cent. Of course, in the case of the second possible origin of continuous 
spectrum the radiation will be the same in all directions. Therefore, if one 
would succeed in observing the shift of the limit of continuous radiation as a 
function of the angle with respect to the cathodic beam at which one observes 
the X-ray emission, then one could state with a sufficient certainty that the 
continuous spectrum is actually produced by decelerated electrons themselves. 
Thus, it is necessary to determine the edge of the continuous spectrum at 
various angles with respect to the cathodic beam. Of course, angles of 0° and 
180° would be the most suitable ones, but this is technically impracticable, 
hence Zecher had to observe at angles of 30° and 150°. For this the Coolidge 
tubes with the molybdenum anticathode were used and put at the angles of 
30° and 150° on the Seemann spectrograph and at the same time the spectrum 
was photographed. A potential of 80 kV was supplied by a large inductor with 
a gas interrupter. The edges of the continuous spectrum in the photographs 
obtained were measured photometrically by a Hartmann microphotometer. 
Plotting the graph of the blackening, one could determine with sufficient 
accuracy the spot where the continuous spectrum is cut off. From Zecher’s 
experiments it turned out that the edge is actually shifted, but by an amount

smaller than the calculated one. Calculation gave =  0-69, whereas the
1̂50°

experimentally found ratio amounted to 0-89. Obviously, if the continuous 
spectrum were produced in the second way, then this ratio should be equal 
to 1. Thus the value obtained is closer to 1 than to 0-69. The inconclusiveness 
of Zecher’s experiments lies also in an improper experimental arrangement. 
In such experiments, in order to obtain a very sharp and well-defined edge of 
the continuous spectrum it is very important to have a potential source supply
ing a constant voltage, since an induction spiral gives individual pulses and, 
hence, is rather unsuitable for these experiments. In their experiments on the 
determination of the emission edge Wagner and Webster made use of a high- 
voltage storage battery, which is actually a continuous source of current.
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Therefore it is not completely clear what is the cause of the edge shift in the 
Zecher experiment—is it indeed the looked-for effect or the improper experi
mental technique, since the use of the spiral could introduce an error of 
10 per cent.

Another series of experiments undertaken by Zecher on the same problem 
consisted in observing the limit of the continuous radiation emission at the 
same potential and angle, but from anticathodes made of various materials. 
Indeed, it could be assumed that electrons are decelerated differently in 
different substances and, hence, the limit of the radiation emission might shift. 
To check this assumption, two Coolidge tubes were used, one with a tungsten 
anticathode, and the other with a molybdenum anticathode. At the same time 
the spectrum was photographed at a normal connection of the tubes. I t  turned 
out that the edge is also somewhat shifted, at the potential exciting already

A Xthe tungsten if-series, ■ w =  1-1, and at lower potentials, W =  T03. This
X Mo X Mo

merely confirms that the experimental aspect of the work is not sufficiently 
high, since Wagner and Webster from the equation for the emission edge

e V = h v

succeeded in determining h with an accuracy higher than 1 per cent, the value 
h obtained being the same independently of the potential V. Certainly, if the 
Zecher experiments were correct the universal constant h could not be deter
mined so accurately. The work of Wagner and Webster is more reliable because, 
as we have mentioned, they worked with more appropriate experimental tools.

Note added in proof. When this article was already written, No. 21/22 of 
Phys. Zs. for November 1920 was obtained, containing the abstract of a study 
of Wagner (p. 621) on the same problem. The abstract was drawn up on the 
basis of a report read by Wagner at a conference of natural scientists held in 
September. Reproducing the Zecher experiments with an improved technique, 
Wagner came to quite definite results, namely: the spectrum edge is inde
pendent on the azimuth between X-rays and cathodic beam.

R e f e r e n c e

1. Zecher, Ann. Phys., 63, 28, 1920.



6. ON THE POSSIBILITY OF AN EXPERIMENTAL 
DETERMINATION OF THE MAGNETIC 

MOMENT OF AN ATOM*

Kjn'UDSEn and Wood by heating a metallic substance in vacuo and separating 
by means of a diaphragm a small beam of the evaporating molecules, obtained 
a thin beam of molecules moving in their own direction without any collision. 
Falling on a screen of sufficiently low temperature all the molecules of the 
beam will condense and form a spot on the screen. If moving in a magnetic 
field with a gradient dHjdy (where y is at right angles to the direction of the 
beam), the molecules, possessing a magnetic moment, will deflect from their 
rectilinear path, one way if their moment coincides with the direction of y 
and another if not so. The magnitude of the deflection depends of the angle 
formed by the direction of the moment of the molecule and the direction of y.

Thus if without any magnetic field the molecules strike a screen of sufficiently 
low temperature forming a round spot, this latter will be changed into a 
band when the field is applied.

The size of this band gives the magnitude of the magnetic moment of the 
molecules.

However, this is true only if the molecules during their motion do not 
change their orientation in space. In the case of monatomic molecules (and 
such arc the vapours of metals) the magnetic moment of the atom coincides 
with the direction of the angular mo me n t um  of the atom, and as this latter 
has a constant value if there are no collisions, the magnetic moment also has 
a constant direction. I t  is easy to show that, if an atom has a magnetic moment 
of the order of a few magnetons (1*64 x 10~21 c.m.u.), the question of an 
experimental determination of the magnetic moment of the atom can be 
solved.

Let all the atoms move with the velocity v. The number of atoms making 
with the directions of y an angle ranging from 0  to 0  +  d 0  is equal to 
n sin (9 d 0 , Avhere n is the total number of atoms passing through the magnetic 
field and forming a spot on the screen. The deflection of these atoms along y 
on the screen will be

V = m vu

* P. L. Kapitza and N. N. Ssemenoff, On the possibility of an experimental determi
nation of the magnetic moment of an atom, J . Rnss. Phys.-Client. Soc. Physical Section, 
50, 159 (1922).
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where b is the length of the magnetic field (the field is chosen in such a way 
that dHjdy remains constant in the direction of the beam; the deflection of 
the beam in the magnetic field is quite small), I — the distance from field to 
screen, /x — the magnetic moment of the atom, m —its mass, and v —its velocity.

The number of atoms, whose deflection on the screen lies between y and 
y +  d y, is

d n = n sin 0  d 0  = -----
bll

d y m v-
d / /  
dr/

But dnjdy  is the density of atoms condensed on the screen at a distance 
between y and y -f dy. As seen from the formulae this density remains con
stant, so that the spot will form (when the field is applied) a band of uniform 
density. The length of the band is equal to the deflection of the most deflected 
atoms, i.e., those whose magnetic moment coincides with y. As the atoms 
move with different velocities varying according to Maxwell’s law of distribu
tion, the sharpness of the image will diminish and the ends of the band will not 
be so sharp.

But it is easy to show that the sharpness will be sufficient for a determina
tion, as most of the molecules possess the most probable velocities.

The length of the band will therefore be given by

2 y  =
2b

m v2
d H
d7"

(the deflection can be in the direction of +  y and — y) assuming b =  10 cm, 
I = 10 cm, /x = 10“20 e.m.u., dHjdy  =  3 x 104 gauss/cm and m v2 = 3 T  
= 3>6 x 10~13 erg. (assuming that the temperature of evaporated metal is 
690°K).

2 x 10 x 102 x 3 x 104 x 10-20 
3-6 x 10-13

= about 2 cm,

which for an experimental determination is more than sufficient.
Experiments in this direction have already begun.
In the same way it is possible to determine the electrical moments of 

molecules.



7. THE LOSS OF ENERGY OF AN a-RAY BEAM 
IN ITS PASSAGE THROUGH MATTER

P a r t  I —P a s s a g e  th ro u g h  A i r  a n d  C02 *

(1) The construction of a sensitive radio micro me ter, and its application to 
the measurement of the distribution of energy in an a-ray beam is described.

(2) With the apparatus, the energy distribution in an ct-ray beam in its 
passage through air and C 02 has been determined, and it has been shown 
that, within the limits of the experimental error (1 to 2 per cent), the same 
law governs the distribution in the two gases.

(3) Immediately beyond the end of the range, the a-particles have an 
energy not greater than 0-7 per cent of the initial energy.

(4) A comparison of the energy distribution curve with that obtained from 
the ordinary ionisation curve, show's that a-particles with high velocities on 
an average expend more energy in the production of an ion than those 
moving with low velocities.

(5) A comparison of the energy distribution curve with that obtained by 
the measurement of the velocities of the a-particles by deflection in a magne
tic field, shows that, up to a range of 6 cm, the curves are in good agreement, 
but that beyond this point the energy curve gives distinctly smaller values. 
An attempt to explain this discrepancy has been made.

(6) The heating effect of the /3-rays was detected, and by means of a modi
fied apparatus the energy absorption curve in aluminium was determined.

(7) The heating produced in C02 over different portions of the range was 
measured, and in this u'ay curves very similar to the ordinary ionisation 
curves were obtained.

The passage of a-particlcs through solid bodies will be described in another 
paper.

1. I n t r o d u c t i o n

An a-particle, emitted from a radioactive body, will, during its passage 
through matter, gradually lose kinetic energy. The experiments of Rutherford 
and Robinson1 have shown that this kinetic energy is converted into an 
equivalent amount of heat generated in the matter.

These experiments confirm the law' of the conservation of energy, but give 
no indication of the mechanism whereby the energy is given to the surrounding 
space. This mechanism has been examined theoretically by Thomson2, Bohr3, 
and Darwin 4, who proved that the energy of the a-ray, when passing near an 
atom, was first given to the electrons, which, in turn, yielded their energy to 
the atom. The manner in which the a-particle yields its energy to the electrons

* P. L . K apitza , The loss of energy of an a-ray beam in its passage through matter— 
I. Passage through air and C02, Proc. Roy. Soc., A 102, 48 (1922).

30



(X-Ray Passage through Matter 37

depends, on the average, on the speed of the a-particle, and on the number 
and arrangement of the electrons within the atom.

The dependence of the loss of energy of the (x-particle on its speed and the 
structure of the atom has been examined by two methods. The first is that in 
which the a-particle is projected through different thicknesses of material, its 
emergent velocity being determined by the deflection produced in a magnetic 
field. This method has been employed by Rutherford2 * * 5, Geiger6, and Marsden 
and Taylor7. This is, a priori, the most exact method of attack, but in the 
experiments there is a weak point, in that the deflected beam must be observed, 
photographically, or by means of scintillations, and towards the end of the 
range, when the energy is small, these methods of detection lose their sen
sitiveness.

I t  is a surprising fact that, so far, no a-particle has been detected by these 
methods with a velocity less than 0-4 of the a-particle from radium C. Conse
quently, it is not known how the last 16 per cent, of the energy of the (x-particle 
is expended, in spite of the fact that this energy is quite considerable.

The second method consists in the study of the amount of the ionisation 
produced by the cc-particle in different parts of its range. If we assume that 
all the energy of the a-particle is lost in the production of ions, and that the 
production of each ion requires the same amount of energy, then we can, 
from the ionisation curve, obtain information about the loss of energy of the 
(x-particle in its passage through a gas. The weak points of this method are
(1) that the assumption has no definite theoretical or experimental foundation, 
and (2) that the method cannot be applied to matter in the solid state.

In the present experiments, which were carried out at the suggestion of Sir 
Ernest Rutherford, an attempt is made to determine the energy of the (x-particle 
by measuring the heating effect which it can produce after having travelled a 
definite portion of its range. Any method which is to be used for this purpose 
must possess the following qualities. First, since it is necessary to use a narrow 
beam of a-particles, the energy of a small fraction (about l/1000th) of the total 
number of (X-particles emitted from the source has to be measured. If the 
measuring instrument has a sensitiveness of 10 ~9 calories per sec, it would be 
possible to detect an energy of 0-3 per cent of the initial energy by determining 
the range to an accuracy of 1 per cent. Second, if a source of RaC is used, which 
decays rapidly, the measuring instrument must, in order to obtain a consi
derable number of readings, have a small thermal capacity, and must also be 
able to reach a state of equilibrium rapidly. A Boys’ radio-micrometer could 
be used for this purpose, provided it Avere made sufficiently sensitive and the 
construction modified to suit the above requirements.

2. Ge n e r a l  T h e o r y  of t h e  A p p a r a t u s

The directions of modification of the apparatus may be seen from the
following considerations. The principal part of the radio-micrometer (Fig. 1)
consists of a loop of wire of high conductivity, L, terminated at one end by a
thermocouple, JT, and supported by means of a quartz fibre, F, in a magnetic
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field, H. If one end, J, of the thermo-junction is heated, a current circulates in 
the loop, and a deflection is produced. Having determined the resistance, r, of 
the thermocouple and the loop (that of the latter being small), the area, S, 
of the loop, and the torsion-couple per unit twist, fx, of the fibre, an increase, 
A T , in the temperature of one end of the thermocouple produces a deflection, 
6, given by

q = B A T ^ - ,  ( 1)r ju

where B  is a constant depending on the nature of the thermocouple. At first 
sight, it appears that great sensitiveness could be produced by having S  and 
H large, and /x small. But it is necessary to bear in mind the second condition, 
which demands that the time for the deflection to reach its maximum value 
should be small. Taking into account the time, if I  is the moment of inertia of 
the suspended system, we have the following equation of motion

I%F + K%r + >>e-M -  (2>
in which K  is the damping factor. This damping is a consequence of the eddy 
currents induced in the loop during its motion in the magnetic field. I t is easy 
to show that K  is given by

K
H2 S2 

r (3)

If the roots of the characteristic equation of (2) are imaginary, damped 
oscillations will be executed by the system. If the roots are real the maximum 
displacement is reached in a continuous manner. For the so-called critical 
point, when the roots are equal, the system attains its maximum displacement 
in the shortest time. In practice it is not necessary to work exactly at the 
critical point, but for the purpose of mathematical investigation we shall 
consider this particular condition. Then

K 2 = 4:1 /a, (4)

and the period of oscillation of the system, r, is given by
r  =  2 jz \{Ijfx) . (5)

Introducing (3), (4), and (5) into equation (1), we get

0,„ax =  A T B }!(r3/4:7i3I  r).

This solution shows that for a given r, 0max is independent of S  and increases 
as I  and r decrease. These considerations lead us to conclusions very different 
from those indicated at first sight by (1). I t  is necessary to make the loop 
small so that the moment of inertia may be small and also that the wire should 
not be too thin so that r may be kept small.

Further, by making the radio-micrometer small, it is easier to shield it from 
stray external temperature effects, while the time to reach the thermal equili
brium value is small. These two considerations were of the highest importance,
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for in the experiments it was found that it was much more difficult to shield 
from the stray effects than to increase the sensitiveness to any desired amount.

Suspension System (Figs. 1 and 2). The suspension system is placed between 
pole pieces, N, S, of circular cross-section and separated by a distance of 
3-4 mm. I t  is supported by a short quartz fibre, of thickness 2,-Oy to 2-5//.

The magnetic field is produced by a double horseshoe magnet, M, M, taken from 
a Bosch magneto. As pointed out by Boys in his earlier papers, the greatest 
difficulty in the construction of the suspension system arises from the fact 
that, owing to the magnetism of the loop, the motion cannot be controlled by 
the use of thin quartz fibres. In a recent paper, W itt8 has given a very elegant 
method for the production of non-magnctic suspension systems. This method 
was applied in the following manner. A copper wire, diameter 0-14 to 0-23 mm, 
was taken and bent into a loop, L, as shown in F ig.l. After carefully cleaning 
with acid and washing with distilled water, it was attached to a quartz fibre 
which supported a mirror. I t  was then placed between the sharp-pointed polc- 
piecesof an electromagnet, between which a magnetic field with a large gradient

3. D e s c r i p t i o n  of t h e  A p p a r a t u s

cm

h

P i g . 1
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could be obtained. When the magnet was excited, a very large deflection of 
the spot of light from the mirror occurred. This deflection was due to the 
paramagnetism of the specimen, owing probably to the presence of small 
amounts of iron generally found in commercial copper. Pure copper is dia
magnetic. The loop was now placed in an electrolytic bath and pure copper 
deposited on it. Starting with a current of T5 milliamperes, and finishing with 
a current of 3 milliamperes, so that the total input was from 13 to 15 milli- 
ampere-hours, specimens were obtained which gave, on test, deflections of less

than 1 cm. A bath of commercial copper sulphate solution, acidulated with 
sulphuric acid, was used. One interesting phenomenon was observed. When 
the current was from 2 to 3 milliamperes, the deposit was diamagnetic, but 
by increasing the current up to 6-7 milliamperes, the deposit was less dia
magnetic, and finally became paramagnetic. This is probably due to impurities 
in the bath, which are deposited when heavy currents are used.

To the non magnetic loop was now soldered the thermocouple. The alloys 
used in its construction were those given by W itt8. The preparation of the 
strips for the thermocouple was done in the following way. A small portion of 
the alloys was taken, placed between glass plates, fused and compressed. In 
such a way sheets of thickness as small as 0-01 mm could be obtained. In 
practice, strips of width 0-3-0-4 mm and length 3-5 mm were cut from sheets 
of thickness 0-03-0-05 min. These were soldered, by means of a soft solder, at
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one end to the loop at T and at the other end to a small thin silver plate, J. 
I t  is necessary to mount the thermocouple to the loop soon after its preperation, 
because otherwise, if left in the air, after about 3 or 4 hours the loop becomes 
appreciably paramagnetic, due to the deposit of dust on it. All the work on 
the loop must be done on a clean glass plate using brass tweezers. The thermo
couple cannot be made non-magnetic, and it is essential that it should be 
placed as far as possible from the magnetic field, as shown in Fig. 2.

To the thermocouple, T, is attached, by means of a hook, a silver disk, D, 
4-5 mm diameter, made of a silver sheet 30 mg per cm2 weight, so chosen to 
absorb the a-particles and to let the ft- and y-radiation through. The disk was 
attached to the system after the latter was placed in the apparatus. The loop 
was supported by a silver hook, N, which was sealed into a glass tube, R 
(diameter 0-2 mm), to which was attached a mirror, M, dimensions 2 by
1-5 mm made of a microscope cover-slip. The glass tube was employed by Boys, 
and serves a double purpose. First, it puts the mirror at a considerable distance 
from the thermocouple, and thus, owing to the bad conductivity of the glass, 
shields the couple from any heating effect of the beam of light; and, second, 
it keeps the mirror well out of the magnetic field.

The Source (Fig. 2). Beneath the plate of the thermo-junction, D, at a 
distance of 2-5 cm, was placed the source of RaC. This was a brass disk, 5, of 
diameter 1-2 cm sometimes plane and sometimes concave, with a radius of 
curvature 3-5 cm. This was put in a circular receptacle, 4, the edge of which 
projected slightly above the source, the whole being placed on a fork, 6, which 
was capable of rotation about a horizontal axis. When the source was rotated 
180° from the position shown in Fig. 2, no a-particles could strike the plate D 
beneath the thermo-junction. This method of cutting off the a-rays by rotating 
through 180° was necessary, because using any other method, for example, 
a shutter, would disturb the temperature equilibrium, whereas this is not 
the case on rotation, since the front and back of the source arc at the same 
temperature. A shutter was actually tried, and found to produce an extra 
deflection of 1 to 2 mm, but rotating the source produced no deflection 
whatever. The rotation was produced by a device, not shown on the figure, 
placed outside the apparatus, operated by means of two Bowden cables*, 
arranged in such a way that the source could be rotated rapidly and without 
any appreciable vibration of the apparatus.

Three diaphragms, A, B, C, were placed in the path of the rays. The first, 
A (see Figs. 1 and 2), was made of silver, and was placed at a distance 0-4 mm 
from the plate D. The aperture of this diaphragm was 3-5 mm diameter, where
as that of the plate D was 4-5 mm so that all the cx-particles passing through 
the diaphragm reached the plate. In this arrangement it is seen that only 
1/800 of the a-par tides emitted from the source reach the plate. The middle 
of the diaphragm was crossed by two thin silver wires, P, the purpose of which 
will be considered later.

* These cables consist of a spiral steel tube inside of which a steel wire can move, chiefly 
used on motor cycles.
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The diaphragm, B, was of copper, and was covered by a very thin aluminium 
foil, G, of stopping-power equal to 1 mm of air. This foil shielded the thermo
couple from the heat radiation from the source, and owing to its small thickness, 
did not seriously affect the a-particle. The foil G thus separates the lower part 
of the apparatus from the upper, and so prevents the circulation of any con
vection currents.

The Body of the Apparatus. In order to vary the amount of energy lost by 
the a-particle between the limits required, the pressure of the gas contained 
within the apparatus had to be varied from 1 cm of mercury to 3-8 atmospheres. 
The apparatus has thus to be air-tight, and this was accomplished by means of 
the rubber rings shown at 0.

Since changes in the pressure of the gas are accompanied by changes in 
temperature, it is necessary to wait some time for the system to reach thermal 
equilibrium. In order to shorten this time the volume of the gas space must 
be as small as possible consistent with the fact that the a-particle has to pass 
through a certain amount of gas, and with the fact that the suspension system 
occupies a certain volume. As is seen from Fig. 2 these ideas were embodied 
in the construction of the apparatus, the gas space within which was about 
5 cm3. The body of the apparatus was made of solid brass so as to have a 
thermal capacity large compared with that of the enclosed gas.

Another idea embodied in the construction of the apparatus vras to shield 
the thermocouple from the possible variations in temperature occurring within 
the room. For this purpose we have to avoid any difference in the temperatures 
of the ends of the thermocouple, JT . A priori, it is clear that to keep tw'o points 
at the same temperatures they must be surrounded by layers ofmaterial possess
ing alternately good and bad thermal conductivity. This Avas accomplished in 
the following manner, as shown in Fig. 2. The thermo-junction wras contained 
Avithin a cylindrical chamber, 9, made of copper or silver. This chamber is 
surrounded by air except at the junction, 10, with the body of the apparatus. 
The second good conductivity layer is the body of the apparatus itself made of 
brass. The whole of the apparatus including the magnets and the device for 
rotating the source was contained within a copper box with double walls with 
Avater between. Under these conditions the equilibrium of the system was so 
good that the zero remained constant for periods of several hours.

The body of the apparatus was made of three parts, 1, 2, 3. The lower part, 
3, was provided with an opening through which the source vras inserted, and 
which could be rapidly closed by means of the brass stopper, IS, and tightened 
by means of the single screw', 17. The axle of the source terminated in a pin, 7, 
passing through a piece of rubber which could be compressed by means of the 
nut, 8, thus keeping the apparatus tight, and the whole could be rotated from 
the outside by means of the device already mentioned.

The central portion, 2, Avas supported by means of the circular pole pieces, 
N, S, which Avere scrcAved to the fixed magnets, M, M. Opposite the mirror 
of the suspension system an opening Avas made, which AA'as covered by a plane 
glass plate, 11, Avaxcd in and kept tight by means of the nut, 12. To the Io a v c i '  

central part, 10, different heating chambers, 9, could be attached.
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By means of the nozzle, 13, the pressure of the gas within the apparatus 
could be varied. The gas entering the apparatus had first to pass through the 
channels, 14 and 15, which were made long and narrow in order that the gas 
could readily attain the temperature of the apparatus.

The upper portion, 1, consisted of a cap, which was screwed on to the por
tion, 2, after the suspension system was set up. I t  contains a device, 16, for 
adjusting the zero of the suspension system from the outside.

The External Apparatus. The nozzle, 13, was connected, by means of a 
rubber tube, in series with a glass reservoir of 300 cm3 capacity, which kept the 
pressure of the gas within the apparatus fairly constant. The reservoir was 
wrapped in cotton-wool, this being done because, without it, the temperature 
variations occurring in the room were transmitted to the reservoir, thus caus
ing changes of pressure of the gas within. This change of pressure is transmitted 
to the inside of the apparatus which in turn causes changes in temperature 
therein. By placing one’s finger on the reservoir this phenomenon couldbe easily 
observed, for a deflection of 1 to 2 cm was at once produced. On wrapping up 
the apparatus it was possible completely to get rid of the small movements, of 
the order of 0-4—0-5 mm of the spot of light on the scale. The apparatus is, 
in fact, extremely sensitive to changes of pressure, and merely squeezing the 
rubber tube, which corresponds to a change of pressure of the order of l/100th 
of a millimetre, caused a deflection of 40—50 cm.

The pressure was observed by means of a simple mercury manometer which 
was graduated to read directly from -f 2-8 to — 1 atmospheres. The gas was 
gradually let out of the apparatus by means of a special tap.

The spot of light was focused on to a scale, at a distance of 1-3 m, by means 
of an eye-piece lens placed close to the opening, 11. The light came from a 
100 c.p. pointolite lamp, and in order to absorb the heat in the beam, a glass 
vessel with parallel walls in which water was circulated, was placed near the 
lamp. Beyond the glass vessel a short focus lens was placed in order to get a 
parallel beam of light. This beam now passed through a slit of 1 cm long and
0-2 mm wide, a good image of which was observed on the scale. With this arran
gement no heating of the apparatus by the light was observed.

4. Me t h o d  oe Ob s e r v a t io n

The source of a-rays was Ra(B +  C) obtained by exposing the brass disk, 
5, to radium emanation. Its activity, measured by y-rays, was usually equiva
lent to from 25 to 45 mg Ra. I am greatly indebted to Mr. G. A. R. Crowe for 
the preparation of these sources. The source on removal from the emanation 
was cleaned, measured, and inserted in the apparatus. The apparatus was then 
adjusted to the proper pressure, or in the case of C02 first evacuated to a 
pressure of 1 mm the gas then being admitted to the required pressure. After 
about 10 minutes the apparatus had reached a state of thermal equilibrium and 
readings were possible. The total time that elapsed between the removal of the 
source from the emanation and the commencement of observations was from 
20 to 25 minutes. In order to save time, a photographic method of observation
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was arranged, so that it was not necessary to wait until complete thermal 
equilibrium was attained. The spot of light was projected on a narrow slit 
behind which a long strip of sensitive paper was moved at a rate of 1 — 1-5 cm 
per minute. In attaining thermal equilibrium the spot of light was slowly mov
ing across the slit, and exposing the system to the rays by rotation of the 
source, photographs as shown in Fig. 3 were obtained. From these photographs 
it is easy to obtain the deflections produced by the a-particles alone. I t  is only 
necessary to draw an envelope to the displacement produced by the a-rays 
and measure the distance from the undisturbed curve.

The photographic method of observation possesses several distinct advan
tages. I t  provides an accurate way of recording the time, knowledge of which is 
necessary in calculating the decay of the source. For this purpose a small

Min Min
98  99 100 101 102 88 89 9 0  91

Fig. 3

electric lamp was placed in front of the slit which, by means of clockwork, 
gave a flash every minute. These flashes produced the dark lines shown in the 
photographs.

The photographic method also permits of the mean value of the observations 
being observed in spite of the fluctuations produced by vibration of the 
apparatus.

After obtaining three or four readings, the pressure was reduced to a new 
value and the procedure repeated. After changing the pressure, the time to 
reach approximate equilibrium and take the next observation was from 4 to 
6 minutes. Hence if the total time taken from the removal of the source from 
the emanation to the last observation is 100 to 110 minutes, it is possible to 
obtain from fifteen to nineteen points on the curve, for each of which some two 
to four observations could be made.

In all the experiments the pressure was reduced to obtain successive read
ings. The lowest pressure was not less than 1—2 cm, for with loAver pressures 
the charge acquired by the suspension system cannot be readily lost by ioni
sation in the surrounding space, and the electrostatic couple thus produced
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causes inaccuracies in the readings. The gases-used were air and carbon dioxide 
taken from a cylinder. The accuracy with which the photographs obtained could 
be measured up, using a magnifying glass, was 1/10 mm. The observed deflec-
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tions were then corrected for the decay of the source. The distance between the 
plate D and the source was measured by means of a cathctometcr.

Knowing the temperature and the pressure within the apparatus, the amount 
of gas traversed by the a-particlc before it reaches the plate D can be readily 
calculated. These distances were then expressed in terms of pressure 760 mm
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and temperature 15°C, and were plotted as abscissae against the observed 
deflections as ordinates. The relations obtained arc shown in Figs. 4-6. 
If  the deflection is proportional to the kinetic energy of the particle, then 
the curves will represent the distribution of energy of thea-particle at different 
parts of its range.
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S t r a y  E f f e c t s

Before attempting an interpretation of the curves obtained it is necessary 
to examine the stray effects produced in such a sensitive apparatus. We will 
first consider any occasional effects and finally the systematic stray effects.

We have considered the occasional stray effects produced by variations in 
temperature in the room, and the heating effect of the beam of light; but, due to 
the precautions previously mentioned, these effects caused no appreciable error, 
and never interfered with the observations. Some inconvenience was caused 
by variation of the pressure within the apparatus, due to small leaks of the 
order of 1 mm in 3 or 4 hours. According as the pressure within thcapparatuswas 
greater or less than atmospheric the zero of the suspension system had a new 
value, but remained quite steady. I t  was feared that this variation in the zero 
might produce a variation in the sensitiveness of the apparatus. On the other 
hand, because the suspension system was not entirely non-magnetic, it was 
feared that the deflections produced might not be proportional to the heating 
produced in the plate D by the absorption of the <%-particlcs. To examine these 
points the following experiment was performed. Beneath the thermocouple a 
very thin platinum wire was placed through which different currents were sent. 
The results obtained showed that, the deflection was quite proportional to the 
square of the current passing, and that the sensitiveness of the apparatus was 
quite independent of the pressure of the gas. I t  is thus seen that these effects 
produce no error in the readings obtained.

On account of the small size of the suspension system, and the consequent 
unsteadiness produced in it by vibrations of the building, it was always neces
sary, in order to obtain good results, to work during the evening.

The first systematic stray effect is due to the fact that only a small fraction 
(about 1/800) of the total number of a-rays emitted by the source reached
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the plate D. The rest of the rays lose their energy in heating the body of the 
apparatus. Since this amount of energy is considerable, if no special precautions 
were taken the stray effect would be large. The diaphragms, B, C, were entirely 
for the purpose of protecting the heating chamber, 9, from this effect. To obtain 
some idea of the order of magnitude of the effect, the following experiment 
was made. The diaphragms B and C were removed and a loop of thin wire 
placed some distance below the heating chamber, through which a current 
was passed of such a magnitude as to produce approximately the same heating 
as that produced by the (X-rays. I t  appears that the effect does exist, but it does 
not, on account of the large thermal capacity of the apparatus, reach its max
imum value until after 5 minutes. The time taken for the suspension system 
to reach its maximum deflection, when the cx-rays are absorbed in the plate D, 
is, however, from 5 to 10 seconds. On account of this difference in time we 
can appreciate the magnitude of the stray effect. In Fig. 3, photograph 14, 
four observations are noted, A, B, C, D, which correspond to exposures of 
5, 10, 20, 30 seconds. No appreciable differences in the deflections are observed. 
The final small kicks in the deflections are due to the fact that in the act of 
rotation one edge of the source comes closer to the plate.

A further systematic stray effect is due to the fact that the <x-particles, 
before striking the plate D, heat the surrounding air. This effect may change 
entirely the nature of the phenomenon, tinless proper precautions are taken. 
The broken curve, A, Fig. 4, represents the results obtained in a previous 
experiment without the use of diaphragms. This curve shows that the deflec
tions towards the end of the range of the a-particles are greater than one 
would expect, and this is due to the fact that the a-particles heat the air in the 
neighbourhood of the edges of the plate. In addition, the curve extends beyond 
the end of the range of the <x-particles, and this is due to the heating of the air 
immediately beneath the plate. The diaphragm A was inserted in order to 
avoid these two stray effects. As already noted, the diameter of the aperture 
in A was less than that of the plate D, and the relative positions of A and 
D prevented any a-particles from getting near the edges of the plate. To avoid 
the heating of the air beneath the plate, two fine silver wires, P, crossed the 
diaphragm at a distance 0-7 mm from the plate. On account of the high 
thermal conductivity of these wires, the heat produced in the air was prevented 
from reaching the plate, and, instead, was conducted to the body of the heating 
chamber. With these precautions the magnitude of these stray effects was 
reduced below the experimental error, as can be seen from the results of the 
following experiment.

The source was covered by a mica sheet of stopping-power equal to 3-75 cm 
of air, and the curve C obtained. The broken curve B was obtained without 
the use of the mica sheet. In the former case the whole range of the a-particle 
was obtained with a pressure just one-half that in the second case. Conse
quently, the heat produced in layers of air of equal thickness below the plate 
should be twice as great in the second case as in the first, and so the magni
tude of these stray effects ought to have the same variation. The good agree
ment of the curves B and C shows that the effects could not be detected.
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The final systematic stray effect is due to the absorption of the /3-rays, and 
will be considered later in a special section.

6. S e n s i t i v e n e s s  a n d  A c c u r a c y  of t h e  Me t h o d

The sensitiveness of the apparatus was considerably reduced by the use of 
the diaphragm, A, and the silver wires, P. This is easy to understand. From 
equation (1) it is seen that the deflection, 0, is proportional to the increase 
in temperature A T, of the thermo-junction. This increase in temperature is 
given by

A T  = Q
Ka +  Kj

where Q is the amount of heat given to the plate per second, Ka, Kj are respec
tively the whole thermal conductivities of the air between the plate, D, and the 
heating chamber, 9, and the strips forming the thermo-junction. In practice 
Kj is small compared with Ka. Putting the diaphragm, A, nearer the plate, 
Ka is considerably increased, causing, a consequent reduction in the sensitiveness 
of the apparatus. The sensitiveness of the apparatus wras found to be about 
four times greater when the diaphragm, A, was omitted. I t  was possible to 
overcome this loss of sensitiveness in the following manner. From equation 
(1) it is seen that the deflection produced is almost inversely proportional to 
the resistance of the thermocouple (the resistance of the loop is small), and 
making the strips of the thermocouple short and thick, r, is diminished. 
However, this increases Kj,  since Kj  oc 1 jr. Diminishing r increases the sensi
tiveness of the apparatus, but increasing Kj docs not appreciably affect A T, 
since Kj is ahvays small compared with Ka. We thus see that the thermo- 
junction should not be made of thin strips. However, this method of over
coming the difficulty has two disadvantages which, in practice, limit the 
sensitiveness of the apparatus.

First, we see from equation (1) that the deflection, produced by the stray 
effects within the apparatus, is proportional to the term

r T
and is independent of Kj and Ka. Decreasing r simply increases the above 
term, and we obtain finally a system which is very sensitive to stray effects, 
and which takes a long time to attain thermal equilibrium.

Second, making the tlicrmo-junction of thick strips, it was difficult to 
produce a non-magnctic suspension system.

The sensitiveness of the apparatus in the experiments was as follows. 
The maximum deflection produced per milligram of RaC on the source rvas
1-4 mm in C02 and 0-95 mm in air. The deflection in air is less on account 
of the higher thermal conductivity. Using 40 mg of RaC as the source, the 
maximum deflections produced were 5-6 cm in C02 and 4 cm in air. On the 
photographs a deflection of 1 / 10th of a millimetre could be measured. Taking 
into account the decay of the source, after removal from the emanation, this
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shows that it is, possible to measure about l/300th of the initial energy of the 
(x-particle. As the readings were obtained working back from the end of the 
range the deflections observed were generally between 5 and 10 mm. Thus the 
accuracy of measurement of a single observation was about 2 per cent. As 
each point was the mean of several observations it is probable that the actual 
accuracy is better than this. The error due to the fact that some of the 
(x-particles had to travel longer distances to the plate, was reduced to about 
1 per cent by using a concave source.

7. D i s c u s s i o n  of R e s u l t s

The full curve, Fig. 5, represents one of the characteristic curves obtained 
for air. The ordinates of the curve decrease continuously until a range of 
about 6-95 cm is reached, afterwards remaining constant. This final constant 
deflection, which is about 5-8 per cent of the total initial deflection, is due to 
the /krays as discussed in the next section. To separate the effects of the 
/krays from those of the a-rays, it is only necessary to draw the horizontal 
line, AB, which is the prolongation of the observed /3-ray effect. This is probably 
quite legitimate, since the /krays are onty slightly absorbed in the air-space 
traversed by the a-rays. Thus the curve referred to AB as axis will represent 
the true energy distribution of the (X-particles. From these considerations it 
is seen that the a-particle has no energy beyond the end of its range as deter
mined by ionisation methods. A similar curve was obtained for C02, as shown 
in Fig. 6. Allowing for the /kray effect the range for the (%-particles is found 
to be 4-75 cm, which is in good agreement with previous determinations. 
Changing the scale of the abscissae for the curve obtained with air in the 
ratio 4-75 to 6-95, the curves for air and C02 (see Fig. 6) were found to 
coincide very nearly. This result shows that the loss of energy of the <x-ray in 
C02 is governed by the same laws as in air.

An attempt was now made to compare the curves obtained with those 
obtained by the ionisation method. If the a-particle produces N  ions per 
centimetre path, then in a distance da: it will produce N dx  ions, and if the 
energy to create a single ion is E, the energy required in this production 
will be

E N d x .

If W is the total energy of the a-particle, Wx its energy after travelling a 
distance x, then if all the energy lost is due to ionisation,

X

Wx =  W -  J  E N  d r .
o

If wc assume that the same amount of energy is required to produce an ion 
at all points of the range, then wc obtain

X

Wx =  IF -  E f  N d x .
d
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The dependence of N  on x is given by the ordinary ionisation curves, the 
best being those obtained by Henderson9 which were used in the evaluation 
of the integral. The curve calculated in this way is shown by the broken line 
in Pig. 5. I t  is seen that after 4 cm of the range, the curves are in very 
good agreement. This shows that towards the end of the range the average 
energy required for the production of each ion is constant, and we can assume 
that the loss of energy is proportional to the ionisation produced. Near the 
beginning of the range, the Henderson curve shows a marked departure from 
the observed curve, indicating that the energy required to produce an ion 
is greater for the swifter rays. We can thus say that the energy required for 
the production of an ion by an a-ray of range 7 cm is, on the average, about 
10 per cent greater than that required by an a-ray of range 3-5 cm. This 
leads to the conclusion that the a-rays with high velocities are better able to 
eject electrons from inner orbits of the atom, which process would require 
more energy than the ejection of electrons from the outer orbits. This confirms 
the theory advanced by Bohr3 of the passage of a-rays through matter.

A further comparison can be drawn between the present results and those 
obtained by Marsden and Taylor7. These latter are shown by open circles 
in Pig. 5. These points are obtained from Table III, column 5, p. 448, of 
Marsden and Taylor’s paper, which they state are probably the most exact 
values, and it is seen that, up to a range of 6 cm the agreement between their 
curve and mine in Pig. 5 is very good. Beyond 6 cm they no longer agree, 
the present experiments giving lower values for the energy. In the following 
table are compared the numerical values obtained by Marsden and Taylor and 
in the present work. This table gives V and V2 as functions of the range in air.

Range in air... 5-78 cm 6-26 cm 6-50 cm 6-72 cm 7-07 cm

Kapitza j V 0-522 0-400 0-316 0-244 Less than 0-084
V2 0-273 0-160 0-100 0-059 Less than 0-007

Marsden [
V 0-527 0-450 0-415

Taylor [ V2 0-278 0-202 0-172

where V, V2 are expressed in terms of initial values. The disagreement between 
the values of V2 when the range is 6-50 cm is 72 per cent and this cannot 
be explained by experimental error. A complete explanation of this dis
agreement is not easy, but the following considerations may help to throw 
further light on the problem.

Pirst, in the present experiments, the average energy of the tx-rays in a 
beam was measured, and towards the end of the range it is possible that the 
increased scattering may affect the result. On account of this scattering 
some a-particles may be deflected away from the plate, causing a diminution 
in the total number which should fall on the plate. This diminution should 
depend on the distance from the plate at which scattering becomes appre
ciable, and should thus be quite different in the case when the rays pass direct
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through air to the case already mentioned, when they first pass through a 
mica sheet of stopping-power equal to 3-75 cm of air. The good agreement 
between the curves B, C, Fig. 4, shows, however, that any difference produced 
is too small to measure, so that scattering considerations will not explain 
the discrepancy.

Second, we have to consider the lack of homogeneity in the beam. On 
theoretical grounds, the loss of energy of an a-particlc is due to interaction 
with a very large number of atoms, and any deviation from the statistical 
mean should thus be very small. We are thus led to anticipate that the beam 
should be fairly homogeneous. Practically, however, it is a difficult matter to 
obtain a homogeneous beam of a-rays, owing to the lack of uniformity in the 
thickness of the material used to absorb them. From the energy curve, shown 
in Fig. 5, it is seen that, towards the end of the range, from 6 to 6-5 cm, an 
error of 4 per cent in the range causes an error of 100 per cent in the energy. 
In the experiments of Marsden and Taylor, as pointed out by the authors, the 
scintillations towards the end of the range became fainter and fainter, so that 
it was impossible to detect a-particles with energies less than 0-172 of the 
initial energy. Thus it seems probable that, in the a-ray beam used by Marsden 
and Taylor, there were always some rays with velocities greater than the mean, 
due to the lack of uniformity in the thickness of the absorbing material, and 
on account of the loss of sensitiveness of the apparatus, only these swift 
particles, which constitute a small fraction of the total number, could be 
observed. The large variations in the measurements of the speeds of the a-rays 
towards the end of the range, using as stopping materials mica, aluminium 
and gold, support this view.

Further, Marsden and Taylor have pointed out that the inaccuracies in 
their work may be due to the fact that some of the a-particles are singly 
charged owing to recombination. There is some reason to suppose that this 
does happen, and perhaps the a-particle gains and loses electrons several 
times during its passage through matter, and towards the end of the range the 
number of recombined particles is increased. If we suppose that the majority 
of a-particles, whose energy is less than 0-172 of the initial energy, are singly 
charged, this will account for the abrupt limit of the observations of Marsden 
and Taylor.

In the present experiment the a-ray beam should be fairly homogeneous, 
on account of the fact that the stopping material was a gas. Any lack of 
homogeneity in the a-ray beam arising from variations in velocity or from 
differences in the charge carried will, however, produce no effect, since a mean 
value was measured, and so the velocities observed should agree most closely 
with those of an “ ideal” a-ray beam.

Finally, it is interesting to compare Marsden and Taylor’s curve with that 
obtained from the ionisation curve in the manner already described. We 
find that the curves fail to agree beyond a range of 6 cm in such a way that, 
at 6-5 cm the energy required for the production of an ion is twice as great 
as that required at 6 cm. I t is difficult to account for this variation on theoret
ical grounds.
3*
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8. T he  H e a t i n g  E f f e c t  of t h e  /9-Rays

In the previous section, we have assumed that the deflection obtained after 
the end of the range of the a-rays was due to the heating effect of the /3-rays, 
and the line AB was drawn in order to- separate the two effects. These con
siderations are so important to the correct interpretations of the results, that 
special experiments were carried out to justify the assumption. I t  is certain 
that this deflection after the end of the range cannot be due to the a-rays. 
On Fig. 6, which represents the curve for C02, two points are obtained at 
distances 9-6 and 10 cm, to produce which the a-particle would, after the end 
of its range, have to pass through a layer of C02 of stopping power greater 
than that of the plate D of the thermo-junction. But the deflections corre-

Fig. 7

sponding to these two points are only about 20 per cent less than those imme
diately after the end of the range. This shows that the effect produced after 
the end of the range is due to a radiation of greater penetrating power than 
the x-radiation. For a more detailed examination of the effect the following 
arrangement was set up.

A small thin-walled glass bulb, diameter 3 mm, shown at 2 in Fig. 7, was 
filled with 46 mg of emanation, the thickness of the walls being just sufficient 
to absorb the x-rays. The bulb was fixed by means of a little wax, 3, into a 
brass receptacle, 1. The opening at the top of the receptacle could be covered 
by successive layers of aluminium foil, Avhich could be fastened down by 
means of the cover, 5. This arrangement now replaced the source on the fork, 
6, Fig. 2. Rotating this arrangement, the /3-rays could be allowed to fall on 
the plate at will. In this way deflections were obtained of the same order of 
magnitude as those found in the previous experiments after the end of the 
range of the x-particles. The apparatus was now divided into two parts by 
means of a thin aluminium sheet of thickness 0-045 mm placed beneath the 
diaphragm, C, Fig. 2. The deflection was reduced but did not disappear,



a-RAY Passage through Matter 53

which shows that the effect could not be due to any heat radiated from the 
source, or to any convection currents in the gas.

Afterwards a disk of lead, thickness 0-11 mm was attached to the plate, D. 
The deflection now produced was about 1-35 times greater, apparently due to 
the greater absorption of the jS-rays. Removing the diaphragm, A, the deflection 
was considerably increased and it was possible to obtain a curve for the 
absorption of /9-rays in aluminium. By altering the number of foils, 4 (Fig. 7), 
each of thickness 0-045 mm Fig. 8 was obtained. From this curve it is possible 
to calculate the coefficient of absorption, ji, for /1-rays in aluminium. We 
find, a t the beginning of the curve, jx =  56, and at the end fx =  26, which

4

0 Ol 0 2  0 3  0-4 0 5  0 6  0-7
Thickness of Al, mm

Fia. 8. Absorption of /5-rays in aluminium.

is in good agreement with the limits, /x =  65 to jx = 13, determined by 
ionisation methods.

All these experiments confirm the original assumption. From Fig. 4 and the 
previous experiment a very rough estimate can be formed of the energy 
carried by the jS-rays compared with that carried by the a-rays. Curve C, 
Fig. 4 shows that the /9-ray effect is about 6-2 per cent of the a-ray effect. 
Taking into account the increased absorption in the lead plate this value 
becomes 8-4 per cent. The value obtained by Rutherford and Robinson1 is 
10-9 per cent. The difference of 25 per cent between these values cannot be 
regarded as established, because the present method is open to two objections. 
First, it is quite probable that the lead plate does not absorb all the /9-rays, 
but this is not sufficient to account for such a large difference. Second, on 
account of the scattering of the /9-rays by the plate D a portion only of the 
energy in the /9-ray beam is converted into heat. On the other hand, /9-rays 
scattered from the walls of the apparatus and falling on the plate will compen
sate for this to some extent. The complicated shape of the interior of the 
apparatus renders it difficult to make an exact estimate of the magnitude of



54 C o lle c te d  Papers o f  P. L. K apitza

these scattering effects. Further experiments, using an apparatus of more 
suitable shape, are needed to settle the point.

9. A n a l o g y  to t h e  I o n i s a t i o n  Cu r v e s

The magnitude of the stray effect due to the heating of the air in the neigh
bourhood of the thermocouple led to the idea of measuring the heating effect 
at different parts of the range, thus providing an analogy -with the ordinary 
ionisation curve. For this purpose the heating chamber 9, Fig. 2, was replaced 
by a special type shown in Fig. 9. The actual chamber, 2, was only 3 mm 
deep, containing an opening 4*5 mm diameter crossed by two silver wires, 4. 
The thermocouple, 1, projected into the chamber through an opening, 2 mm

Fig. 9

diameter, in the cover, 3. In this way it was possible to isolate a small quantity 
of gas and to measure the heating therein produced. Altering the pressure in 
the apparatus changes both the mass of gas contained in the heating chamber 
and the amount of gas through which the a-particle has first to pass. Working 
in the same way as before, curve 1 shown in Fig. 10 was obtained. To obtain 
from this the analogy to the ionisation curve it is necessary to apply some 
corrections. First, some a-particles struck the thermocouple directly, thus 
producing extra heating. I t  is possible to separate this stray effect from the 
real effect in the following manner. The point A on the curve corresponds to 
the full exhaustion of the apparatus and the whole deflection is due to the 
a-rays which strike the thermocouple. If wc now draw from A the energy 
curve, 3, similar to that previously obtained, the difference between the ordi
nates will represent the energy due to the heating of the air in the heating 
chamber. The correctness of this interpretation was tested experimentally 
in the following way.

A small silver plate, of dimensions 2 nun by 1 mm, was supported on the 
silver wires, 4, thus partly shielding the thermocouple from the direct a-ray 
beam. In this way the curve 4 was obtained, and it is seen that the initial 
deflection is considerably reduced. These results cannot be used in further
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calculation, due to the fact that the sensitiveness of the apparatus was 
reduced by one-half, because the plate stopped some a-particles which would 
have heated the gas surrounding the thermocouple. Correcting curve 1 by 
means of curve 3, we can thence obtain the deflection per unit mass of heated

0 1 2 3 4 5 6 7 8 9  10

Equivalent cm air 760 mm 15 °C

Fig. 10

0 1 2 3 4 5 6 7 8 9
Equivalent cm air 760 mm I5°C 

Fig. 11. Analogy to ionisation curve. -----  . .. heating curve;-------- . . .  ionisation curve.

gas by dividing the ordinate by the density. In this way the continuous curve 
in Pig. 11 was obtained.

Before this curve can be compared with the ionisation curve, it is necessary 
to establish the end of the range. This was done in the following way. A mica 
sheet of stopping-power equal to 3-75 cm of air was placed over the source and 
the curve 2 obtained. The slope of this curve beyond the maximum is very 
similar to that of curve 1. The distance between these two portions of the 
curves is equivalent to 3-75 cm stopping-power of air, and thus we can deduce
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the scale of abscissae, fixing the range at 6-95 cm. In this way, taking into 
account the pressure, it is found that the end of the range of the a-particles 
is at a distance 08 mm below the thermo-junction. This result is to be expected, 
because of the high thermal conductivity of the thermocouple and the opening, 
4, in the chamber. Having fixed the end of the range, we can now compare 
the curve with that obtained by Henderson.9 This is represented by the 
broken curve in Fig. 11.

The curves appear to possess the same general characteristics but do not 
fully agree. This is due to the fact that, in the present experiments, observa
tions were not made on a single point, but a mean taken over a definite region, 
a, about 0-12 of the total distance between the source and the thermocouple. 
When an allowance is made for this distribution, the shapes of the calculated 
and observed curves are very similar.

Further speculation in regard to the curve obtained is of little purpose 
owing to the inaccuracies in the experiment. These inaccuracies are due
(i) to the fact that the chamber measured the heating over a considerable 
portion of the range; (ii) to the fact that the deflections obtained, using C02, 
were always small, of the order 4 to 5 mm giving an accuracy of 2 to 3 per 
cent; (iii) to the fact that, in order to obtain the curve, several operations 
have to be performed which probably considerably increase the error.

I t is interesting to note the sensitiveness of the apparatus as used in obtaining 
the above curve. Figure 3, curve 12, represents one of the initial points obtained 
on curve 1, Fig. 10. The deflections are due mainly to the a-particles which 
strike the thermocouple directly. The number of a-particles producing this 
deflection of 1 mm was approximately calculated to be 2000 to 3000 per sec. 
This corresponds to a rate of heating of the order of 10~9 cal/sec.

I t is a great pleasure to thank Sir Ernest Rutherford for permitting the 
work to be carried out in the Cavendish Laboratory, and for his active interest 
and kind advice during its progress. I am also deeply indepted to my teacher, 
Prof. A. F. Ioffe, for providing the opportunity to work in Cambridge. My 
best thanks are due to Mr. M. II. Belz for help in the composition of the paper.
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8. NOTE ON THE CURVED TRACKS 
OF ,5-PARTICLES*

I n  the Philosophical Magazine of February 1921, Prof. Compton gives an 
explanation of the curvature in the paths of ,5-particles in the photographs 
taken by the Wilson expansion apparatus. The fact that the particle does 
not move in a straight line is, indeed, of great interest if this effect is not due 
to some stray cause; for instance, it is not yet clear from the published experi
ments what may bo the influence of the motion of the air currents which 
probably exist in the expansion chamber. But the fact that the tracks of 
the a-particlcs obtained in the same way are nearly straight shows that the 
curvature in the case of the ^-particle may very likely be due to some other 
cause. The explanation of this curvature may be given either by some aniso
tropy of the space in which the ,5-particle is moving, or by some new property 
of the /5-particle itself. Considering the modern view of the gaseous state it is 
very doubtful whether we may expect in a gas any kind of anisotropy over 
such distances as the path of a /5-particlc. The second explanation which 
considers an asymmetry in the /5-particle is much more probable. Such an 
asymmetry can be imagined in two ways. Firstly, the particle may not be 
spherical but possess an oblate form. In this case it may be possible that if 
the /5-particle is not moving along its longest axis of symmetry it would 
describe a curved path. But this explanation has the objection that such an 
oblate /5-particlc would possess two electromagnetic masses, along the short 
and long axes respectively. But no such difference in the masses of /5-particles 
has been found although the determination of e/ra has been made with great 
accuracy.

Evidently the more probable explanation is that given by Compton, who 
assumes that the /5-particle has a magnetic moment. This new property of the 
/1-particle is rather to bo expected, for if the /5-particle is set in rotation about 
any axis it will possess a magnetic moment along that axis. I t  is indeed difficult 
to imagine how the electron can be set in rotation, but once it is rotating we 
possess no means to stop its motion.

Such a magnetic /5-particle moving through matter will create a magnetic 
polarisation in it. This means that there will be superimposed on the magnetic 
field due to the /5-particle itself an additional field due to the surrounding 
matter. Owing to its electric charge the path of the /5-particle in this additional 
field will be a helix. This is the Compton explanation of the curved tracks. 
But in his approximate calculation a very doubtful assumption is made in

* P. L. Kapitza, Note on the curved tracks of //-particles, Proc. Camb. P h il. Soc., 21, 
129 (1922).
Ol’K 3 a 57
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determining the magnetisation of the surrounding matter by simply using the 
value of the susceptibility obtained by ordinary experiments in a static 
magnetic field. I  do not consider this justifiable in this case. The magnetic 
field surrounding the /3-particlc diminishes very rapidly, as the third power of 
the distance, so that only the molecules nearest to the /3-particle would be 
affected. As the /3-particle is moving with an extremely high velocity the time 
during which the molecules are under the action of the /3-particle is very 
short. According to the modern view of magnetism there are two ways in 
which magnetisation may be produced in a body. The first is a paramagnetic 
phenomenon which is due to the change in the orientation of the molecules 
which possess magnetic moments. The time required for such a change in the 
orientation of molecules is clearly much greater than the period during which 
the /3-particle affects them. So the paramagnetic effect will not occur. The

v

Fig. 1

second method is diamagnetic, and is due, on Langevin’s theory, to the change in 
the velocity of rotation of the electrons in their orbits. This change is produced 
at the moment when the magnetic field is created, and constitutes the only 
type of magnetic polarisation which can occur in the space surrounding the 
/3-particle. But the diamagnetic susceptibility measured in ordinary experi
ments is a mean value taken over a time which includes a great number of 
revolutions of the electrons and is calculated on the assumption that the 
magnetisation is uniform in the body. I t  is obvious that neither of these 
assumptions can be made in the case of the /3-particle. For the /8-particle affects 
the atom for such a short interval that in it the electrons can only cover a 
very small part of their orbits. In addition the non-uniformity of the field 
must be taken into account.

The purpose of this short note is to make the calculation more accurately 
and to determine the magnetic moment which a particle must possess in 
order to produce an appreciable curvature in its path.

Suppose the /3-particlc is at A (Fig. 1). Let it possess charge e, velocity V 
and magnetic moment M. Suppose that one of the electrons is at B, its 
position being determined by II, which is the distance AB, and by a unit 
vector r, giving the direction of AB.
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Now if the ^-particle is in motion there is an electric force at B, and the 
electron will be set in motion. If H is the magnetic field due to the magnetic 
moment of the ^-particle, the electric force E created by the moving H will be 
given by

curl E =
i dl l
c d t

Instead of II we shall use U the vector potential, given by
curl U = H.

Integrating we have
„ 1 3U
E =  - j  — +grax>,p- (i)

The part of the electric force — (l/c)(0U/0£) is due to the magnetic moment 
of the /3-particle, the other part grad cp to its electric charge.

We shall consider the electron at B to be free and at rest, as is usually 
assumed. These assumptions are quite legitimate, because the orbital motion 
is negligibly slow, and the force from the nucleus is small. Then the velocity 
of the electron at B will be

Using (1) we find

v

V

t
e
m I

Ed*.
o

t
c r  6— I gradw d £ --------Um J me

The vector potential from a magnetic doublet is

U - ^ r P M A r J . ( 2)

Using this expression we get

Y = ± J gra d ' H f - - ^ 7p [ M Ar].
0

Divide v into two parts vx, v2 so that
e

V, =  - m c 112 [M A r].

and

v2 =  — / gradw d I. m j  °

(3)

(4)

The component vx is due to the magnetic part of the action, and v2 is due 
to the ordinary electrostatic effects. Now we will assume that the displacement 
of the electron is small compared with R , and shall therefore neglect it. This 
3 a*
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assumption will permit the calculation of vx independently of v2, but this is 
not always quite legitimate, because if the distance R is of the order of 10 ~10 cm 
the total displacement of the electron is of the same order of magnitude. But 
it is easy to see that the force grad cp acts in such a way as to increase R, and 
to bring the electron into a region where U is smaller. So the actual velocity 
vt will be less than that calculated. We shall see later that v2 contributes 
nothing to the effect under consideration and that the curvature of the path 
will be proportional to vx. Hence the magnetic moment so calculated will be 
less than the true moment.

Using first the velocity vq, the electron at B moving with this velocity will 
create a magnetic field at A whose value is given by

e [r A Vi]
c , R2 (5)

z

The /3-particle at A suffers in time d< a change of velocity given by the 
Lorentz formula

dW = -----[VAHiJd l .m c
Now from (3), (5), (6), we have

dW
d£

c3 to2 R4
- ^ [ V A t r A f J l A r ] ] ] .

Performing the multiplication wc get
d<

d W  =  A M] -  (M • r) [V A r]}.

( 6 )

( 1 )

Take rectangular coordinates with axes as shown in Fig. 2.
The axis of X  coincides with V, M  lies in the plane ZOX,  and the electron 

in the plane ZO Y  at a distance a from 0. The angle betAveen 31 and Y is /S, 
between r and Y, a, and the angle in the plane ZO Y  between a and the axis 
OZ, 0. Now in (7) the first term Avhich Ave shall denote by

dW a
d<

c3 to2 724- 5 3 - t V A M ] , (8 )
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does not depend on 0, because it is independent of r, and is parallel to 0  7. 
The second term which we shall call

dW* - - i £ r j p -  v m ) [v a M],

has two components parallel to OZ and 0  Y.
These are

(9)

and
d W2(Z) x  Til7[cos/9 cosa sina sin0 +  sin f  cos0 sin0 sin2a ] , ( 10)

dfF2(r) 00 F-M [cos/3 cos a  sin a  cos 0 +  sin/9 cos2 0 sin2 a ] . (11)

In order to make the calculation simpler we shall assume that for a given 
value of a all values of 0 are equally probable. Taking the mean value of 
d W2 for all possible values of 0 and calling this mean d W2, where

+ n
dW * =  ^ -  f  d W 2dd,Zn J

- n
we get, by using (10) and (11)

d W 2(Z) =  0,

d W 2{Y) = c3 m2
V M d t 

2R* sin2 oc sin/J.

From (8) we find that the increase of velocity is parallel to 0  Y  and is 
equal to

-------  e3d W {T) = c3 m2
V M sin/3^1 -  -i-sin2«J —  . (12)

Now the total increase of velocity during one “ collision” is

W,(D =  J  d W(Y) •

Using dx =  V dt

to change the variable of integration, we have

W,<K) c3 m2
M  sin/S

-f- OU 1- cx
C dx  I f

J  (a2 +  x2)2 “  J  J
a*

(a2 +  x2)3
dx

Performing the integration we get

WV) =
57i e3 M  sin/3 
16 c3m2 a3 (13)

Now we have to take into consideration not only one electron but all the 
electrons contained in the space surrounding the /9-particle. Let the number 
of electrons per unit volume be n. Instead of the change of velocity in a collision 
consider the change of velocity per unit time, i.e., the acceleration.
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Then in a second the /5-particle will meet in a cylindrical shell of radius a 
and thickness da (Fig. 3), dw electrons where

dn  =  2 V n a da.

The acceleration ivill be equal to dA  where
5ti2 e3 M  sin/5dA  =  W dn  =  — -----  — ------- t— n da.8 cA m2 a3 (14)

If the nearest distance between an electron and a /5-particle is a0, we get 
by integration

A =
5n2 e3 n
8 c3 m2 / da 5?t2 e3 n

7  =  T « r [11AT1'
(15)

do
This is an equation of helical motion.

do

a \]

k 'I

Fig. 3

Before going further we shall prove that the motion v2 of the electron 
(see (4)) will contribute nothing to the curvature of the path of the particle. 
This is the result of the symmetry of the force

e
grad (p =  -jp- r . (16)

Consider in Fig. 2 an electron with coordinates z and y and velocities v2 , 
V2(E)> v 2 (Z) - Then from (16) another electron with coordinates —2, and —y, 
will have velocities — v2(A)> — v2(y), — v2(Z)- The magnetic force at A from 
the two electrons is equal to zero, as is easily seen from (4).

Returning to (15) it follows that the /5-particle will describe a helix drawn 
on a cylinder of radius b given by

V2 sin2/5 
A (17)

The angle of inclination of the helix will be equal to /5, the angle betiveen M 
and V (Fig. 4).

Figure 4 shows how the /5-particle will move. M keeps its direction fixed in 
space.

From (17) and (15) wc can find the magnetic moment of the /5-particle

M
b

V sin/5 a 
5 n2 e3

o

n
(18)

8 c3 m2
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Now if we try to introduce numerical values, we get a very large estimate 
for M.  In (18) e, c, to, V, are known accurately. The minimum distance between 
the /3-particle and an electron on the theory of collisions cannot be less than 
10"10cm, while n depends on the surrounding space and for oxygen molecules, 
which contain 16 electrons, is 16 x 2*7 x 1019. Now b and sin/3 have to be 
taken from the Wilson photographs, but no definite numerical values have 
yet been given. But we may say that for appreciable curvature in the paths 
b must lie roughly between 1 and 10 cm and sin/3 between 0-1 and 1. This 
gives for the two limits 1-9 x 10-18 and 1-9 X 10~16. This is a very large 
magnetic moment and we can scarcely behove that the /3-particle possesses it.

I t  is sufficient to notice that the magnetic field at a distance of 10“8 cm, i.e., 
at intcrmolecular distances, will be millions of Gauss and would affect the 
structure of the atoms. If we calculate the energy of the electric field due to the 
motion of the magnetic field of the /3-particle, and determine as is done for 
the electromagnetic mass the new “ magneto-electric” mass, taking M  of the 
order found above, we find that the latter is more than 1000 times the ordinary 
mass. Hence we see that it is extremely difficult to explain quantitatively the 
curvature in the paths of /3-particles by means of magnetic moments in the 
particles.

The author has also made similar calculations along other lines. In these 
it was supposed that the magnetic field of the /3-particle sets the surrounding 
electrons in rotation. Each electron will then possess a magnetic moment. The 
magnetic field created by the electrons will produce the same effect as that 
described above but the magnetic moment of the /3-particle comes out a 
million times greater than that calculated from (18). So this assumption is 
equally of no avail.

My best thanks are due to Mr C. G. Darwin for reading this paper in 
manuscript.



9. ON THE THEORY OF ERADIATION*

When an a-particle strikes a solid body, electrons are emitted from the 
place of collision and form the so-called (5-radiation. The explanation of the 
phenomenon is usually given as follows.

When the particle penetrates into the body, it loses its kinetic energy in 
ionising atoms of the body. The liberated electrons possess certain speeds, and 
after several collisions may escape from the surface. These escaped electrons 
form the (5-radiation. Such a consideration, however, gives only the general 
picture of the phenomenon, and is insufficient to provide a basis for any 
numerical calculations. But if we consider the phenomenon purely from a

v

Fig. 1

statistical point of view, we can easily obtain some numerical values for the 
speeds and numbers of electrons in the (5-radiation.

Let us first assume that the a-particle, when stopped, liberates all its 
energy to heat up a very small volume of the body. I t  can be easily calculated 
that the temperature at this place of local heating may reach several thousand 
degrees. From the heated surface of the body, thermionic emission will take 
place. This thermionic emission is the (5-radiation. This process will last a very 
short time, due to the fact that the heat will quickly dissipate into the body; 
but it will be shown in this paper that the (5-radiation calculated from such 
a picture of the phenomenon gives the right value both for the number of 
electrons emitted and for their speeds.

Let us suppose that the collision between an a-particle and an atom takes 
place at 0  (see Fig. 1); then the relations which hold between the velocities 
of the a-particle before and after collision (written V and V' respectively) and 
the velocity v of the liberated electron are

M  (V -  V') =  m v,

\ M {  V2 -  V'2) = \ m v 2,

* P. L. Kai’ITZa, On the theory of 5-radiation, P h il. M ag., 45, 089 (1923).
04

( 1 )

( 2 )
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where M  is the mass of the a-particle and m the mass of the electron. Equation
(2) may be re-written as

M (V -  V' • V +  V') =  m v2,

where the left-hand side of the equation is a scalar product of two vectors. If 
we call the angle between these vectors /? and substitute (Y — V') from (1) we 
have

cos/? = I V 1
|Y +  V' | *

Now it is known that an a-particle loses by ionisation only a very small portion 
of its energy, and maintains its direction of motion practically unaltered. 
Thus we may say that V -f V' is practically equal to 2 V, and thus

oos/i =  W '  <4)

If we assume a definite speed for the a-particle, the value of the speed of 
the electron can be calculated for a given value of /?. The results of such calcu
lations are shown in Table 1.

Table 1. Speeds of the ionised electrons, in volts

fi
Distance from 

the end of the a-ray range

7 cm 3-5 cm 1-5 cm
0° 4190 2620 1340

30° 3150 1900 1005
60° 1048 630 335
80° 126 76 40
85° 32 19 10
90° 0 0

The energy of the ionised electron is expressed in volts for a-particles with 
ranges 7-0, 3-5, 0-5, and Y5 cm in air. Now, if the a-particle at each collision 
loses energy corresponding to a fall of potential of 40 volts, we seen from the 
table that the value of /? for the liberated electrons will lie between 85° and 80°. 
This means that the velocity of the liberated electron is very nearly perpendicu
lar to the path of the a-particle. If this were so, the electrons produced by 
an a-particle striking a surface vertically could never escape from that surface 
without an alteration in the direction of their velocity. Such an alteration 
would only be produced as a result of inter-electronic collisions.

These collisions would result in a transference of energy from electron to 
electron, and thus after the passage of an a-particle we have a great number of 
electrons moving with different speeds and in different directions. This process 
of the interchange of energy between the electrons will result in the liberation 
of electrons from the surface.
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Now we shall make an attempt to calculate the amount of <5-radiation to 
be expected, using the known constants of Richardson’s emission formula.

From the ordinary data of thermionic emission, we know what is the chance 
for an electron to escape from the body if it has the average kinetic energy 
corresponding to a certain temperature. We may assume that after the passage 
of the a-particle into the solid the ionised electrons remain in a cylinder of 
small cross-section and possess kinetic energy equal to that lost by the oc- 
particle. This energy is dissipated along the radius of this cylinder according 
to the ordinary laws of thermal conductivity, while from the cross-section of 
the cylinder which coincides with the surface of the body electrons are emitted 
according to Richardson’s law.

The above assumptions are, however, open to criticism. In the first place, 
the Richardson formula is only true when a Maxwell distribution of electron 
velocities exists. In our problem this will not be the case, but it is quite prob
able that, using the Richardson formula, we shall obtain results which are 
of the correct order of magnitude. In the second place, immediately after the 
passage of the a-particle only a few thousands of electrons possess very large 
kinetic energy, and the application of thermal-conductivity constants which 
have only a statistical mean value is open to criticism in the case of a small 
volume. But if we bear in mind that in practice we deal with the average 
value of 5-radiation produced by a very large number of collisions, then the 
adoption of the ordinary thermal conductivity is probably nearly correct.

Let us take the path of thea-ray as the axis of a cylindrical system of coordi
nates. Let also the a-particle enter the body at right angles to the surface. 
Then, in the first moment after the passage of the a-particle, all the energy 
yielded to the body will be included in a cylinder which we shall take as 
infinitely thin. In this way we may state the initial conditions of the problem. 
Thus if T is the temperature, t the time, and r the distance from the axis we, 
have:

t = 0, T = 0, r 4= 0;

t =  0, T = oo, r = 0.

The ordinary thermal conductivity equation may be written
a t  
~dT

K  
c d

dT
dr  dr (5)

where K,  c, and d are the thermal conductivity, thermal capacity, and density 
of the body respectively. To find a particular solution of this equation which 
will satisfy the initial conditions, wc shall introduce a new variable u such 
that

•̂2

T 'u = ( 6 )

Equation (5) will then take the form

dT  _  4 A" d dT
da cd  d« dw

u (7)
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and this, after integration, gives
cd T2

I k T

/ c- v
~ d y. (8)

o
where D is a constant.

By differentiating this particular solution ■with respect to t, we find a solution 
which will satisfy the initial conditions:

c d
4 K  ' t (9)

To determine the constant D in this expression (9), we may express the 
fact that an amount of heat Q, equivalent to the amount of energy lost by the 
oc-particle per unit length of path, passes through unit length of the surface 
of a cylinder coaxial with the origin during the time from t = 0 to t = oo. 
This is done by the expression

OO
r dTQ= - 2 n K  / r —  dt.  (10)J dr  

o

Thus, using (9) and performing the integration, we get

D = Q
± n K  ’ ( 11 )

and the required solution of equation (5) is therefore

T  = Q
4 n K  t

cd
Tk

r«
t ( 12)

According to the laws of thermionic emission, the number of electrons 
emitted per unit surface of the heated body during one second is given by

N = A T W e - W ,  (13)

where A and 6 are experimentally-determined constants1. Now, if we sum 
the right-hand side of the expression (13) over all possible values of r and t, 
the number of electrons emitted by the collision of an a-particle will be

OO OO

N  = f  f  n A T W c - W d r t d t .  (14)
o o

To perform the integration in (14), by substituting for T  from (12) we get 
a very complicated expression. But the difficulty can be overcome in the 
following way. Let us take two coordinate axes for the variables r2 and t, as 
shown in Fig. 2. Then the meaning of our integration may be interpreted 
as follows. Each surface element of the area included between the two axes 
will be multiplied by

/(r, t) =  7i A T 1!2 e~6/T,
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and the whole summed. Now let us divide the surface into elements (da>) 
over which the temperature may be taken as constant. For this purpose we 
take T  as constant in the expression (12), and, varying r2 and t, we draw the 
curve OAB. Afterwards we draw another curve OA'B' for a temperature 
equal to T  + dT.  Then the hatched surface OABB'A' will be equal to the 
element of the surface (da>) with constant temperature.

I t  is easy to see that
t'

d f r 2 dt

° d T  d T ’ (15)

where t is the uppermost limit of integration determined from the point of 
intersection of the curve OAB with the axis t. The value of t is obtained from 
(12) by putting r2 =  0. Thus

* = A -  <i6>
If we introduce in (15) the value of r2 from (12), we get the following ex

pression for dco:

d "  =  8n2 K  cd T3 ’ (17)

and the number of electrons emitted will be
AO2

d N  =  AT'Vc-UT ndio = ----- %—r T ' 5’6 c - ^ d T .  (18)8 jc K ca

After performing the integration with respect to T  from 0 to oo we get
1 A Q2N =

16 b3l2 c d K (19)

From this formula we can get an estimate of N.  For this purpose we may 
take the polonium a-particlc, which has cnerg)’ 2-09 x 10~13 cal and a 
range of 7-03 x 10"4 cm in platinum. Then

Q =  2-98 x 10"10 cal/cm.



On the Theory of <5-Radiation 09

Taking for c, d, and K  the ordinarily accepted values from the tables, we get

N  = 2-12x 10-»— .

Now the values of b and A vary very much with the conditions of the 
surface of the platinum. Taking the lowest and the highest value*, we get 
the following results:

Table 2

A 6 N V

Richardson 7-5 x 1025 4-43 x 104 0-15 2-5
Richardson 5-0 x 1028 6-8 x 104 59-0 3-5
Langmuir 2-02 x 1031 8-0 x 104 19,000 41

In the first two columns are the values for A and b, and in the third the 
number of emitted electrons. We see that N  will vary very much, from 0-15 
to 19,000.

The actual values of N  obtained from experiments on (5-radiation lie between 
the values given above, and, as has been shown by Pound2, and Bumstead and 
McGougan3, depend very much on the conditions of the surface, and vary in 
the same way as the thermionic radiation: for instance, the presence of hydrogen 
occluded in the surface diminishes the 5-radiation as well as the thermionic 
emission. The conditions under which the experiments on (5-radiation were 
performed are similar to those in which Richardson obtained the value of A 
and b; and here we have a numerical agreement with the theoretical results. 
The value for N  obtained from-Langmuir’s data is enormous, but Langmuir 
worked in extremely high vacuum, in which no (5-ray experiments have been 
made. According to this theory we should expect also an increase in the 
(5-radiation when high-vacuum conditions are reached.

Other facts observed in connection with (5-radiation phenomena may be 
explained by this theory. For instance, it has been observed that the source 
of a-rays itself emits many more electrons of the (5-radiation per a-particle 
than a plate which the a-particles hit after leaving the source. The explanation 
of this phenomenon may be as follows. If the a-particle strikes the body at a 
small glancing angle, the electrons would be emitted from a larger surface 
because the cross-section of the cylinder increases with decreasing glancing 
angle. Now there will be a-particles going back, at all glancing angles to the 
surface, into the metal plate which carries the radioactive substance, whereas 
all the a-particles which hit an external plate do so nearly at right angles to 
the surface. So we may expect more 6-radiation to come from the source itself 
than from an external plate. Also, if an a-particlc is slipping on the surface 
of the source, then some of the ionised electrons which have velocities per
pendicular to the path of the a-rays as well as to the surface could escape

* Values taken from Richardson1, p. 81.
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from the source at a speed which may be high. This explanation may account 
for the high-speed electrons observed from the source by Bumstead and 
McCougan3 and Wcrtcnstein4.

The speed of the greater number of the 5-radiation electrons, according to 
the approximate measurements of Hauser5, is less than 6 V, and the distribu
tion of speeds is Maxwellian. We can, from formula (18), get an estimate 
of the most probable speed of the emitted electrons. For this purpose we have 
to find the temperature at which the largest number of electrons is emitted. 
This is by differentiating (18) thus:

which gives for T  the value

d2iV
= 0,

T = - k b- 5

( 20 )

The energy in volts of the emitted electrons which corresponds to this 
temperature is given in the fourth column of Table 2, and lies between 2-5 
and 4-1 volts. So again we see that the theory is in agreement with experiment.

From the above discussion we may assume that the radiation, in general, 
has the same origin as thermionic emission, the difference being that in the 
case of thermionic emission the energy is supplied to the electrons by heating, 
while in the ease of 5-radiation the energy is supplied by the a-particle. The 
calculations made above are not rigorous enough to enable us to get a very 
close numerical agreement between theory and practice, but are sufficient to 
show that the 5-radiation may be explained using the same constants as are 
used in the case of thermionic emission. The enormous influence of the condi
tions of the surface on the magnitude of both types of radiation makes a more 
detailed calculation useless.

The same method of calculation may be applied to the case of a positive 
ray or to a beam of electrons which, striking a solid surface, produces a secon
dary emission of slow electrons. In this case slow-moving particles strike a 
body, but they do not penetrate deep in the surface. The heat given up by 
the entering particle at the first instant must be considered as concentrated 
in a point and afterwards dissipated in the body perpendicularly to a spherical 
surface. The problem may be treated in the same way as the previous one, 
only using spherical coordinates instead of cylindrical ones.

The solution will be
Q' l / c d  1 

4 7i3/2 \  K3 ' p

cd
Tk

—T (21)

where Q' is the total energy of the particle which enters the body.
Performing the integration as before, we find a more complicated expression 

for N :

N = A Q'4/3

K  V(c d)
e~blT
J111/6 d T. ( 22 )



On the Theory of (5-Radiation 71

The most probable speed of the emergent electrons calculated in the same 
way as (20), (21) comes to

This means that the most probable energy of the emergent electrons will be
1-36 times the value found in the previous case. See (20).

If we consider electrons or positive rays with gradually increasing penetrative 
power, we proceed gradually from expression (22) to the expression (19). This 
means that for a certain depth of penetration the number of the emitted 
secondary electrons stops increasing. This is actually found to be the case 
experimentally.

I  am indebted to Dr. E. V. Appleton for his kind assistance in the prepara
tion of this paper.
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10. SOME OBSERVATIONS ON a-PARTICLE 
TRACKS IN A MAGNETIC FIELD*

The Wilson expansion chamber gives a powerful method of studying the pro
perties of single a-particles. In the recent experiments of Blackett1, it was 
shown that by studying the forks and the kinks which occasionally occur on the 
a-tracks, it is possible to obtain the velocity of an a-particle at any point on 
the path. I t  is obvious that for a further study of the phenomena along the 
track it would be very convenient to observe some systematic changes in the 
tracks due to a known cause. One of the most obvious of such changes in a 
track will be produced by a magnetic field. Then the tracks will be no longer 
straight, but curved. The radius r of the track will be given by:

v v m
r*=  T ' H ’

where e and m are the charge and the mass of the a-particle taken in suitable 
units, v is the velocity and Ii  the applied magnetic field.

So from this expression, if r is measured along the track and m and H  are 
known, the ratio vje can be deduced. The main difficulty in this experiment is 
to obtain a sufficiently strong magnetic field, which will bend the track of the 
a-particle appreciably. From the expression for r it is easily calculated that for 
a doubly charged a-particlc emitted from radium C, the radius of curvature 
in a field of 75,000 gauss will be 5-3 cm. To produce such a strong magnetic 
field special methods must be applied, since it would be quite impossible to 
obtain such a field over a suitable area with an ordinary electromagnet.

To obtain a strong field in a solenoid a large amount of energy (several thou
sand kilowatts) is needed, also the current which is required to produce such a 
field would fuse any coil in a few seconds if it were maintained so long2. But 
this last difficulty can be avoided if the field is produced only during a few 
thousandths of a second, so as not to allow the current time to heat up the coil. 
For an a-particlc travelling with a speed of the order 109-108 cm/sec we may 
regard such a field as constant. So only the first difficulty, namehT that of obtain
ing a store of energy of several thousand kilowatts, has to be overcome.

I t  was found possible to obtain such a sudden kind of electrical discharge by 
means of a specially built accumulator. This battery was constructed in such a 
way as to have a very small resistance and capacity. By its means currents of
8,000 amp for 0-002 see could be obtained. In these experiments the field which

* P. L. Kapitza, Some observations on cv-particle tracks in a magnetic field, Proc. 
Camb. P h il. Soc., 21, 511 (1923).
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was produced in a bobbin surrounding a circular Wilson chamber of 2-2 cm in 
diameter, reached 75,000 gauss*.

It is not the subject of this paper to give a description of the apparatus used 
in these experiments. This will be done in another paper; here will be given only 
a short account of some phenomena observed on the photographs of curved 
a-ray tracks obtained in this magnetic field.

In Figs. 1 and 2 are given examples of these photographs. Both were obtained 
in a magnetic field of the same magnitude, namely 75,000 gauss. I t is easily 
seen from these photographs that the curvature is different for each individual 
ix-track.

One immediately asks whether this difference in curvature is genuine or 
whether it is due to some stray effect. We shall shortly indicate the most 
probable sources of errors which were investigated.

From measurements it appeared that the magnetic field in the expansion 
chamber was uniform to 1 per cent. By means of an oscillograph the field is 
measured with an accuracy of 2 per cent. A special shutter which let thea-par- 
ticlcs into the expansion chamber only during 0-001 sec is timed with the cur
rent in the coil. Actually two oscillographs arc used, one to record, on a falling 
photographic plate, the current, and the other the times of opening and clos
ing the shutter. In this way it is possible to estimate the variation of the magne
tic field in the time during which the a-particlcs enter the apparatus. This 
variation was not greater than 4 per cent. Up to now no stray effects due to the

* By means of this battery, a field of 500,000 gauss was obtained with a coil of 1 mm 
inside diameter. In the near future an attempt will be made to measure magnetic suscepti
bilities in this field.
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experimental arrangement have been found which could account for the differ
ence in the curvature. But the experiment is a difficult one and it may be that 
in the course of the work some new stray effeets which may be due to the un
usual magnitude of the magnetic field will be discovered. I t  is possible that the 
kinks whieh often oeeur on the tracks are capable of producing this difference 
of eurvature.

To observe a bend due to nuclear collisions on an oc-ray track it is not suffi
cient to enlarge the photograph uniformly, because the angle remains always the 
same. But if the enlargement is done in the direction perpendieular to the track 
while there is no enlargement along the length of the track then the angle of a bend

Fig. 3

becomes sharper and more easily distinguished. The tracks a and b of Fig. 1 are 
enlarged 2-5 times in the vertical direction. I t  is easily seen that in the enlarge
ment b there is a kink at the point indicated by the arrow. The upper track on the 
photograph has no kinks as is seen from the enlargement a. Considering only 
tracks without kinks, the extreme values of the radii of curvature of different 
tracks at equal distances from the ends are in the ratio of about 1-5. To show 
this difference more obviously the diagram of Fig. 3 is drawn. The curvature at 
various points of the last 1 cm of the range of eleven good tracks was measured. 
I t  is assumed that the speed of each a-particle decreases in the same way. 
(This assumption is probably not right as will be seen later.) The value for the 
speed of the a-partiele when it is describing the end part of its track is taken 
from the curve given by Blackett1. Thus the average charge carried by an 
a-particle in different parts of the track could be obtained. In Fig. 3 the charge 
so obtained is plotted against the remaining range for each a-partiele. On this
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diagram it is easily seen how differently the a ’s behave at the end of the track. 
Henderson3 has shown that the a-particle in the end part of its range is recom
bining with the electrons and becomes singly charged or neutral. Prof. Ruther
ford4 has shown that the loss and capture of an electron by an a-particle occurs 
more than 100 times along 1 mm of the track in the end part of the range. So 
we could not expect to obtain whole numbers for the average charges in our 
experiments and in fact it is seen in Fig. 3 that we do not do so. From this 
diagram it could be seen that about 8 mm from the end of the range all behave 
in a similar way and have nearly the same average charge +  l*5e.

Getting nearer the end the different a ’s are not equally capable of carrying an 
electron. Some of them, so to speak, prefer to travel doubly charged, some singly 
charged, and some neutral. This difference in behaviour on the part of the a ’s 
cannot be explained by some probability variation in the capture and loss of 
electrons along the path of the a ’s, because from the experiment of Prof. 
Rutherford the number of recombinations and ionisations of an a-particle 
is large. If there are no stray effects due to causes at present unknown we 
are led to the necessity of assuming that there are different kinds of a-par- 
ticles.

We shall now give an explanation of a type of difference in* a-particles which 
may be taken as a working hypothesis for explaining these facts.

From Fig. 3 it is seen that the difference in behaviour of a ’s is already large 
when the average charge is greater than unity. This means that some of the 
nuclei of the particles prefer to travel singly charged, others doubly charged. 
So we are led to the necessity of assuming that the difference in the a-particles 
is in the nucleus. Rutherford5, from experiments on scattering of hydrogen atoms 
by collision with a-particles, came to the conclusion that the a-particle nucleus 
is an asymmetrical structure. Further experiments by Chadwick and Bieler6 
confirmed this point of view. The most probable shape of an a-nucleus is an 
oblate spheroid of semi-axes about 8 x 10"13 and 4 x 10~13 cm. Now if we 
take the a-particle nucleus as a disk and assume that the plane of this disk 
may have different orientations with respect to the direction of the motion 
of the a-particlc, and further that this orientation remains fixed along a con
siderable portion of the range, we shall have provided different kinds of a-par
ti cles.

Before recombination, this difference in a ’s will not show itself. But it is 
probable that an a-particle, which has a different orientation of the plane of 
the nuclear disk from another a-particle, has also a different capacity for losing 
and gaining electrons. Very little is known about the mechanism of recombina
tion and ionisation, so speculation is difficult. But still it is possible to sketch 
a picture of the phenomenon.

When an a-particlc nucleus captures an electron the latter will describe an 
orbit round the nucleus. According to the quantum law the plane of the orbit 
of the electron in the non-uniform field of the nucleus must take up a definite 
orientation.

We must expect that the only position for the plane of the orbit in which 
the electron rotates is in the plane of the nuclear disk. So we anticipate that the



70 C o lle c te d  Papers oe P. L. K apitza

plane of the moving electron, like the nuclear disk itself, must remain in a defi
nite position relative to the velocity of the a-particle. Further, we may expect 
that the probability of the loss of an electron by an a-particle depends on the 
orientation of the orbit. To get some idea of how this may happen, let us ima
gine that the a-particle is at rest and the surrounding molecules have a vel
ocity equal to that initially carried by the particle; then the a-particle will be 
placed in a parallel stream of electrons. According to the theory of Bohr7, a 
swiftly moving electron has its least chance of ionising an atom if its velocity is 
perpendicular to the plane of vibration of the electron which moves in the atom. 
So the a-particle, according to this picture, is least likely to lose an electron 
when the plane of the orbit is perpendicular to the stream of electrons. We see 
thus that an a-particle will have the best chance of travelling singly charged 
if the plane of the nuclear disk is perpendicular to the direction of motion. 
At least, these conclusions will be correct if wc assume that the probability of 
the capture of an electron does not depend on the orientation of the nuclear 
disk. This picture is sketched only for the purpose of showing that it is possible 
to relate the fact that different a-particlcs have different powers of holding 
electrons with the asymmetrical structure of the a-particle nucleus found 
by Prof. Rutherford. More experiments are needed before we can regard this 
theoretical speculation as established.

It is worth Avhile pointing out the relation of the phenomenon just described 
to other phenomena previously observed. I t  is known that a-particles emitted 
from a radioactive source have not exactly equal ranges in spite of the fact 
that their initial velocities are appreciably the same. This phenomenon is 
called straggling. In the recent measurement made by Mile. Irene Curie8 in 
which the range of a ’s was measured by the length of the tracks in a Wilson 
chamber (probably one of the most exact methods of determining the range), it 
was found that the straggling of the ranges is about 3 mm in air. The attempt 
to explain straggling on statistical grounds has failed9. From observations10 
on a beam of a-rays deflected in a magnetic field it is known that the velocity 
is fairly uniform up to 1-5 cm from the end of the range in air. This shows 
that the chief part of straggling occurs in the end of the range; it is here also 
that the phenomenon described in this paper appears. If we assume that a 
doubly charged a-particle has a different efficiency for ionising from a singly 
charged or neutral one, the speed of an a-particle which usually carries a 
double charge will diminish at a different rate from that of one which is for 
the most part singly charged. The different way in which the speed of different 

, a-particles diminishes will provide an explanation of straggling. I t  is now clear 
that in drawing Fig. 3 it was not legitimate to assume that all a ’s have the 
same speed in the same part of the range. So we cannot attach much importance 
to the increase in charge of some of the a-particles indicated in diagram towards 
the end of the range.

We expect that the experiments now in progress will clear up all the points 
now discussed and place the problem on a firmer basis.

This work was carried out with the continuous help of Mr. E. J. Laurmann 
to whom I wish to express my thanks.
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I  am also very grateful to Mr. P. M. S. Blackett for his collaboration during 
the early stages of the work, and I was very sorry when he was compelled to 
discontinue his help.

I t  is a special pleasure to me to thank Prof. Rutherford for his interest and 
valuable advice during the course of the work and for his generosity in purchas
ing the expensive apparatus required.
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11. A METHOD OF PRODUCING STRONG 
MAGNETIC FIELDS*

1. The possibility of obtaining strong magnetic fields for a small fraction 
of a second is discussed.

2. An accumulator which gives a power of the order of 1000 kW for a small 
fraction of a second is described.

3. Time switches for making and interrupting strong currents up to
12,000 amperes are described.

4. An account is given of a high-frequency oscillograph (20,000 to 30,000 
per sec) for measuring strong currents occurring during a small fraction of a 
second.

5. The construction and measurement of the magnetic constant of coils 
for producing magnetic fields is discussed.

6. An account of some experiments in obtaining strong fields is given.

1. I n t r o d u c t i o n

T here are only two methods of producing a strong magnetic field. The first 
is by a solenoid, and the second by a solenoid with an iron core in it. The iron 
is introduced for the purpose of diminishing the magnetic resistance of the mag
netic flux, and makes possible the production of much stronger fields than can 
be obtained without it. This is the principle on which modern electro-magnets 
are constructed, and by means of them it is possible to obtain fields up to 60 kG 
in a volume of a few cubic millimeters. The saturation of iron, however, makes 
it impossible to go further than this.

According to the present theory of ferro-magnetism we can hardly hope to 
obtain any ferro-magnetic material which will give a much higher saturation- 
value than the iron used in modern electro-magnets; and without such a 
material it is impossible to increase the field obtainable by this means.

With an uncored solenoid we are limited for producing magnetic fields by 
two factors: (1) the very powerful sources of electric energy which are needed, 
and (2) the necessity of avoiding over-heating of the coil. On account of these 
limitations it is difficult to obtain in this way fields of more than 15 to 20 kG, 
even if extremely powerful sources of energy are used and very efficient cooling 
of the solenoid is arranged.

To Perrin is due the idea of cooling the coil with liquid air. This clearly 
would not only very efficiently avoid over-heating, but also, since at low 
temperatures the conductivity of copper is considerably increased, would 
diminish the power required. But Fabry1 lias calculated that to obtain 100 kG

* P. L. Kaittza, A method of producing strong magnetic fields, Proc. Roy. Soc., A105, 
691 (1924).
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in a coil of one centimetre inside diameter, 24 litres of liquid air per second 
would be necessary, with a source of energy of 400 kW. Thus the experiment 
is scarcely a possible one. So it seems hopeless to obtain a strong magnetic field 
by any of the usual methods.

There appears to be only one possibility, which is to produce the magnetic 
field for only a very small time (say of the order of one-hundredth of a second). 
In this case the difficulty with the heating is at once reduced. Nearly all the 
phenomena, winch are interesting to study, such as, for instance, magneto- 
optics, para- and dia-magnetism, and other effects of atomic origin, will 
exhibit themselves in this short-lived field just as well as in a permanent field. 
The methods of observing the effects in this case will be quite different from 
the usual ones, and also, possibly, in some cases the difficulties of observation 
may be insuperable. But we may hope that it will still be possible to make ob
servations in many cases in spite of the shortness of the time, especially in 
view of the fact that, in strong fields, the scale of the effects will be increased 
and observation will therefore be easier.

If we wish to experiment with strong fields, then we have to meet the diffi
culties involved in the use of fields of short duration. The present paper con
tains an account of a method for obtaining magnetic fields of short duration, 
of strength up to 500 kG. This method has already been applied forbending the 
a-ray tracks in a Wilson expansion chamber, but in view of the general interest 
of the method of producing the fields, we shall reserve the details of these a-ray 
experiments for a later paper.2

In the development of the method four separate problems had to be solved, 
and to each of these a separate section will be devoted. The first is the powerful 
source of energy, the second the switches and connections necessary for dealing 
with the high currents involved, the third the accurate measurement by means 
of oscillographs of these heavy currents, and the fourth the calculation and 
construction of the most efficient type of coils for producing the field.

2. S o u r c e s  oe E n e r g y

The power necessary to produce a magnetic field increases as the square of 
the field strength required. In the present experiments sources of energy up to 
1200 kW arc needed. Such a power is obtainable by means of a large plant of 
electro-generators of the usual type, but this would scarcely be available for 
ordinary laboratory work. Also, it is obvious that since the energy is required 
for only a small fraction of a second, a source of different type might be more 
suitable. In fact, any apparatus capable of storing energy during a considerable 
period and of letting it loose in a small fraction of a second could be employed 
for the production of intense magnetic fields.

There are two quantities which arc characteristic of such a source of energy: 
(1) the total energy stored, needed for the production of the field, which in our 
experiments reached the value of 2-5 large calorics; and (2) the ratio of the 
power, by means of whieh the apparatus is charged, to the power at which it is 
discharged.
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This quantity we shall call the coefficient of the power increase, and the larger 
it is, the more suitable is the source of energy. The methods of producing 
such a store are numerous, but we shall consider only the principal ones. A 
condenser battery is the most obvious. Its coefficient of power increase is 
probably larger than in any other kind of apparatus, but the main objection 
against its use, as can be seen from a rough calculation, is the difficulty of 
storing a considerable amount of energy. Very high tension and very large 
capacity are necessary. For instance, to obtain 2-5 large calories a condenser 
battery about 20 microfarads charged to 50 kV is required.

Another method, which looked more promising at first sight, is to store the 
energy magnetically. A simple iron core, as used in induction coils, stores 
magnetic energy when magnetised by the current in the primary. Breaking 
the current in the primary, this energy of the iron core is transferred to the 
current in the secondary. Using in the secondary winding only a few turns, it 
would be possible to obtain strong currents capable of producing powerful 
magnetic fields. Calculation shows that an iron core 2 or 3 metres long and 30 
to 40 cm diameter, will yield quite sufficient energy, and the coefficient of 
power increase will be of quite a reasonable magnitude.

This method was actually tried by Mr. P. M. S. Blackett and the present 
author on a small scale, but we met with practical difficulties which made its 
application very difficult. In practice it was impossible to break the primary 
sufficiently quickly to prevent sparking, and the energy of the magnetised iron 
core, instead of going into the secondary, returned through the spark into the 
main circuit of the primary. Calculation shows that the tension in the break 
of the primary was very high, and probably no mechanical break would work 
satisfactorily. The introduction of a condenser in the usual way will reduce 
the spark, but will also considerably decrease the coefficient of power increase.

It is also possible to accumulate energy mechanically. For instance, if wc 
have a very quickly spinning fly-wheel connected with an electro-generator of 
a special type, then large power could be obtained by suddenly switching in the 
latter on a small resistance. Probably we might get a power 30-50 times as 
large as that given by a generator of similar size in continuous running. I t  is 
probable that this method would work quite satisfactorily, but as it requires 
a specially built generator, to run at a very high speed and with a special wind
ing, a considerable expense is involved.

The method which was actually used has given quite satisfactory results 
and is probably the cheapest and simplest. We stored the energy chemically. 
An accumulator was constructed of a very small capacity, small resistance 
and of a rigid design, suitable for standing sudden discharges.

In Fig. 1 a sketch is given of one of the four batteries used. Its construction 
is extremely simple. Lead plates, 35 cm by 35 cm and 1-5 mm thick, were 
gathered into a pile. The plates were separated from each other by 30 india- 
rubber disks, L5 cm diameter and 1-7 mm thick, which were placed in a regular 
way between the plates. In Fig. 1, where the section is made on the left-hand 
side of the drawing, these disks (1) are shown as circles. They are stuck to one 
of each pair of plates by means of india-rubber solution. The edges of the plates
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are separated by means of rubber washers (2), which have a U shape and cover 
the plates on the edges in such a way as to make a receptacle for acid between 
each pair of plates. The whole pile contained 71 plates and was fastened be
tween two solid slate slabs (3), which are held together by means of eight bolts (4), 
thus providing a water-tight joint between the pairs of rubber washers. The 
two end-plates (5) were of thick lead and projected out of the pile to provide 
terminals on to Avhich to connect the cables. The slate-plates and the bolts were 
covered Avith tar-varnish to prevent them from being attacked by the acid. 
Each gap betAveen the plates Avas filled Avith 30 per cent solution of sulphuric 
acid to 0-9 of its height. The current floAved betAveen the terminals and passed

successively through all the gaps. The plate on one side of a gap was charged 
positively and on the other negatively in such a Avay that each gap formed a 
separate cell connected in scries Avith the others forming the battery.

Such a battery obviously has an extremely small internal resistance on 
account of the thin layers of acid and of the fact that the current between two 
successive cells A o a v s  across the lead sheets. Its capacity is also very small 
on account of the thinness of the active layer formed on the surface of the plates. 
Each of these batteries had initially a resistance of about 0-02 ohm. Four of 
them were made and Avere charged in parallel from a source of 220 volts at a 
current of 2 to 3 amperes. For the discharge, they Avere connected in tAvo 
groups, each containing tAvo in parallel, and the groups Avere connected in 
series. Discharging the Avhole through a resistance of 0-02 ohm, a poAver of 
over 1000 kW in the circuit can be obtained. The coefficient of poAver increase 
was well over 2000. The current in the most efficient discharge Avas about 
7000 amperes, and by short-circuiting the accumulator can be made to reach
13,000 to 14,000 amperes.
CPK 4
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Before going on to give some hints on handling these batteries, we shall 
state the results of measurements of the power obtained from them by their 
discharge through different resistances. In Pig. 2 are shown charts obtained by 
means of an oscillograph, which will be described in section 4. The scale on the 
vertical axis gives the power in kilowatts, and that on the horizontal axis the 
time in hundredths of a second. The different curves show the power yielded by 
the accumulator in discharging through different resistances between 0-055 and 
0-01 ohm. I t  is seen that the maximum power is reached when the external 
resistance is equal to 0-025 ohm. In a hundredth of a second the power drops 
from 970 to 470 kW.

Using smaller resistances than 0-025 ohm, less power is obtained and it drops 
down much more quickly. For these reasons their use is valueless unless a 
very high current is needed; for instance, for fusing wires. On the other hand, 
discharging the accumulator through higher resistances than 0-025 ohm, the 
power drops much more slowly Avith the time. This indicates that if magnetic 
fields of longer duration are required, resistances higher than 0-025 ohm can be 
used, but in this case the poAver will not be so great as Avith a resistance of 
0-025 ohm.

The accumulator battery has u o a v  been in continuous use for one year. 
During this time the poAver obtained from the battery gradually diminished, 
and at the end of the period it had dropped from 1200 to 700 kW. This is prob
ably explained by the gradual increase of the positive active layer on the lead 
plates, causing an increase in the internal resistance. The capacity also increased; 
this Avas easily seen from the fact that the time for charging the cells after a 
complete discharge Avas at the beginning only 2 or 3 min, but in a year’s time
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extended to 15-20 min. After noticing this peculiarity of the accumulator, 
precautions were taken to stop it.

In the first eight months of work we used the following arrangement for 
interrupting the current to prevent over-heating the coil. After one or two 
hundredths of a second the accumulator was simply short-circuited by means 
of a special switch. This was a very simple method of interrupting a current 
of 6000 or 7000 amperes, but it led to the complete discharge of the accumulator 
every time, and the latter had to be recharged from the beginning. This treat
ment helped to form the active layer. I t  was therefore decided to work out a 
method of interrupting the current, which will be described in the next section. 
In this way in a discharge only the surface of the active layer on the plates is 
involved, and probably the increase of capacity will be stopped. To verify this 
point finally, however, more time is needed.

The most annoying characteristic so far found in the work on the accumu
lator is the bursting of the lead plates. Suddenly two or three cells in a battery 
will cease to show any difference of potential. They also begin to heat up, and 
during the discharge acid splashes out of them. When the accumulator is 
taken to pieces, we find in the plates which form the defective cells irregularly 
shaped holes of about 1 or 2 cm in diameter. From the edges of such holes, it 
was easily seen that the plates were burned through. The reason for this break
down was extremely puzzling, and from a very careful study of the behaviour 
of the accumulator we can only suggest the most probable explanation.

The active layer of the positive plates increases in thickness with the time; 
eventually some parts of it may break off and connect to the opposite plate. 
Cells in which this has happened are discharging themselves continuously and 
become much less efficiently charged than the cells in a normal state, because a 
considerable part of the charging current passes through the place of contact. 
But such a defective cell, which is easily detected by its low voltage, is not 
necessarily burned through unless it remain a considerable time (several days) 
in such an abnormal condition in a discharged state. The positive active layer 
then begins to get sulphated; this means that the resistance of this cell is very 
much increased, and in discharging the accumulator this defective cell will 
absorb a large amount of energy. All the current will pass in few places where, 
owing to some such cause as the breaking of the active layer, the plates are 
locally not so badly sulphated. In these places the current density is so large 
that it fuses the lead.

In general, owing to the small capacity of the battery and the necessity of 
keeping a very small internal resistance, sulphating is much more troublesome 
than in an accumulator of the usual type. If the battery merely remains dis
charged for three days its resistance is so much increased that in the discharge 
only a quarter of the actual power is obtained, and only after several discharges 
does the accumulator regain it. Thus it is extremely important to keep the 
battery always charged up.

Owing to its small capacity the self-discharge of the battery is quite rapid. 
To make the rate as small as possible it is necessary to use chemically pure 
lead. Also, since the dirt lying on the bottom increases the self-discharge rate,
4*
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it is essential to overhaul it, thoroughly cleaning and washing it every five or 
six months. With proper treatment the battery will probably stand several 
years of continuous work. Even in our case, where the battery was rather badly 
treated, the thickness of the lead plates had only diminished by jg th mm in a 
year. However, after one year the india-rubber washers were rather badly 
deteriorated and had to be replaced by new ones.

3. T he S wi tch  Gear

The problem of switching a current of the order of 10,000 amperes in a 
time very small compared with a hundredth of a second, during which all the 
experiments in the magnetic field have to be performed, must be solved by 
means of a special switch. The drawing of sueli a switch is given in Fig. 3.

Its construction was worked out by Mr. E. I. Laurmann. It consists of two 
brushes ( l- l)  which are made from 20 separate plates of hard-drawn copper, 
bent in the shape shown in Fig. 3 and bolted together. These two brushes, 
when down, rest on four copper plates (2) fixed to a solid slate slab (3), and are 
ground to these plates. The two brushes are joined together by means of a 
fibre plate (4), and through caeh of them a brass rod (5) passes, and these 
rods serve to guide the vertical motion of the brushes by sliding in two brass 
tubes (G) fixed in the slate. Two heavy springs (7) press the brushes towards 
the copper plates (2). A third brass rod, which is fastened in the middle of the 
fibre joint (4), bears a trigger arrangement (S) (shown separately), whieh keeps 
the brushes from falling down when they are in the raised position. This trigger 
can be released by means of an electro-magnet (9), which pulls down an iron 
plate (10) fastened to a lever (11). When released, the brushes will fall on the 
copper plates and close the circuit. One pair of the copper plates is connected 
to the battery, the other to the coil. The time of fall is about 0-025 sec and the 
height of fall 3-5 em. To prevent the brushes from jumping after the make, two 
catches (12) arc arranged. The total resistance of the switch was less than 
0-00015 ohm.
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For rebreaking the current after a time of contact of the order of th sec, 
another set of switches was constructed. I t  is very difficult to break a current 
of several thousand amperes quickly by means of a switch, but this can be 
done by means of a fuse. After trying different kinds of fuses, we found that 
the sharpest break is obtained with a copper wire. Oscillogram No. 1 (Plate 1, 
p. 88) shows the fusing of a copper wire of 0-76 mm2 cross-section and 2-5 cm 
length; it is seen that the complete interruption of the current occurs in less 
than a hundredth of a second. The arrangement for fusing the wire is shown in 
Fig. 4. The wire (1) rests on two copper rectangles (2) and is clamped between 
the terminals (3). As the copper wire fuses only between the edges of the copper 
rectangles, the terminals are not burned. But such a fuse, simply introduced 
in the main circuit, would cause the interval of time between the make and 
break to be badly defined. Also the wire of the fuse will contribute an appreci
able resistance to the circuit. To avoid this the following arrangement was 
used in the main circuit.

Another switch of the type just described was constructed. I t  was some
what smaller and consisted only of one brush. The spring in this brush was 
arranged in such a way as to pull it from the contacts, and when pressed on 
the copper plates it was held down by means of a trigger. Releasing the trigger, 
the brush was thrown off and the main circuit broken. The copper leads (4) 
of the fuse, for which a thin copper wire was now used, were connected to the 
copper plates of this switch. Thus, when the latter was released, all the current, 
instead of flowing through the switch, which was of much smaller resistance 
than the fuse, began to flow through the copper wire. The rise of potential on the 
terminals of the switch during the break was quite small, and no arcing took 
place during the break . The moment of operating the break was under control, 
and so it was possible to regulate the moment of breaking the current. But using 
this scheme, it was possible to break the current only in a non-inductive circuit. 
If the accumulators were discharged through a coil, then a big arc occurred 
between the rectangles of the fuseholder. To avoid this, another switch was 
introduced to short-circuit the coil just before the fuse was introduced in the 
circuit.

For the timing of the switches one after the other, the following arrangement 
was adopted. The making switch of Fig. 3, when falling , on its way released the 
trigger of the switch which short-circuited the coil, and this one operated the
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trigger of the switch which introduced the fuse. The place at which the big 
switch operated the short-circuiting switch could be adjusted, and this allowed 
control of the interval of time during which the tension was applied to the coil. 
This arrangement provided a very accurate way of timing, because the time of 
the fall of the making switch was only ^  th sec and the accuracy of the timing 
could be adjusted to a small fraction of this time. The time of the falling of 
the switch was found extremely constant, so with this arrangement in practice 
the timing, once adjusted, kept constant to 10q00 tli sec. However, all the triggers 
should be made of hardened steel and the break carefully constructed.

The other switches used for charging the battery in parallel and discharging 
in groups and series were the ordinary switches designed for a continuous cur
rent of 200 amperes. For the connecting wire in the discharge circuit, a flexible 
cable, which consisted of 817 small wires wound together, of a total area of 
130 mm2, was used. The contacts and connections were made carefully and 
accurately, and the resistance was occasionally measured on a Thomson bridge. 
The total resistance of all the switches and cables together was about 0-0016 
ohm. The loss of energy in the circuit was about 7 per cent of the total energy 
obtained.

4. T h e  Me t h o d  of M e a s u r i n g  t h e  Cu r r e n t

The measurement of the current through the coil was made by means of 
an oscillograph connected to a shunt. The tension across the coil was measured 
by means of another oscillograph connected through a resistance of 300 ohms. 
The oscillograms were taken on a falling plate by the usual method; only, in 
our case, it was necessary to time the moment, during the time taken by the 
plate to pass across the slit, at which the light from the oscillograph mirror fell, 
relative to the moment at which the make of the current took place. This tim
ing was arranged in the following manner: The plate, falling on its way to the 
slit, operated a little switch, which made the current through the electro
magnet (9) of the switch (Fig. 3). The moment at which the falling plate operates 
the little switch is adjustable, and the timing was quite easily obtained. The 
plate passed near the slit with a fairly constant velocity of 1-6 to 1-85 m 
per sec.

The oscillographs used were of the Duddcll typo, but specially designed for 
the present experiment, since oscillographs of higher frequency (20,000 to
30,000 per sec) than ordinarily used are required. At such high frequencies the 
oscillograph is very insensitive, since the sensitivity decreases inversely as the 
square of the frequency; but we possess such a large power that one or two 
amperes let pass through the oscillograph did not appreciably affect the current 
in the main circuit.

These oscillographs, being so insensitive, could not stand the considerable 
current required to produce a deflection for a time of several seconds’ duration. 
The loop would be over-heated and even burnt. But in our case, as it was used 
only for a small fraction of a second, we were not troubled by this. In calibrat
ing the oscillographs over-heating began to be appreciable, but could be easily 
overcome in a way described later.
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In designing this oscillograph it is important to use wire of the proper 
dimensions for the loop and of the mirror. In Fig. 5 a diagram of the oscillo
graph is drawn. Between two bridges (1-2) the loop (3) is placed; it consists of 
bronze wire stretched by means of a spring. On the middle of the wires of the 
loop, between the bridges, a small square mirror, cut from a cover-glass, is 
fastened by means of shellac. This mirror fits exactly between the wires.

Let T  be the tension on the wires,
/  the distance between the bridges,

H  the magnetic field,
A the distance through which the edge of the wire moves when 

a unit current is passed through the loop.

Fig. 5

Then

( 1 )

A is thus a measure of the sensitivity of the oscillograph.
The natural frequency of the loop can be calculated with an approximation 

quite sufficient for practical purposes if we assume that the half of the mass 
of the wire is concentrated on the point where the mirror is attached. *

If we call the mass of the wire per unit length q, the mass of the mirror M , 
and the frequency n, then

* The formula (2) gives a maximum error of 10 per cent from the true value if the weight 
of the mirror is very small compared with the weight of the wire.3
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The tension T  depends on the size of the wire. In practice, it is important, 
in order to obtain constant readings, to work with a tension which does not 
strain the wire above its elastic limit. Obviously, this tension is proportional 
to the cross-section of the wire, and we shall have

T  = K q (3)

where K  is a constant for the material used. Since the minimum size of the 
mirror (about 1 or 2 mm2) is fixed by the necessity of obtaining a good spot of 
light, the frequency n is also given, so that only /  and o can be varied. From 
(1), (2) and (3) we obtain

1 ^ 1 e f H. (4)

To obtain the maximum sensitivity we have, as can be easily found by differen
tiating the expression (4),

Qf  =

M
IT ' (5)

This means that the oscillograph has a maximum sensitivity when the 
weight of the mirror is six times as great as the weight of a single wire between 
the bridges. In practice it is advisable to make the mirror lighter than is 
indicated b}r fomula (5), because the oscillograph is immersed in castor oil to 
provide critical damping, and since the mirror will move the oil, its effective 
mass will be increased. From the expressions (3), (4) and (6) we obtain:

1
(6 )

From this expression we see that the frequency of an oscillograph working at 
the maximum sensitivity depends only on the distance between the bridges. 
Thus, to obtain an oscillograph of high frequency, / must be made small. In 
our case / was 9 mm and the wires were of diameter 0-07 mm.

In the circuit of the oscillograph which measures the tension was intro
duced a non-inductivity wound coil of resistance 300 ohms. The oscillograph 
which measured the current was connected to a shunt of a special type. The 
shunting of the oscillograph in our case is somewhat difficult, owing to the fact 
that the current is varying. The self-inductance of the shunt L  and the self
inductance of the oscillograph I may affect the distribution of the current. 
If we suppose I  and i to be the currents in the shunt and the oscillograph 
and R  and r to be the respective resistances, then the distribution of the 
currents may be obtained from the following expression:

. d* t r d i
"  +  ; dT =  " ( +  i d7 (7)

If we adjust the resistance and the self-inductances in such a way that
r R
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No.  1. An oscillogram  of th e current in  th e coil show ing th e  tim in g  of th e m om ent at which  
th e  (x-particles enter th e  cham ber. T he current a t th is m om ent is 3850 am peres. 

N o. 2. « -particle tracks obtained  in air in a m agnetic field of 39 ,400 gauss.
E xpansion  of th e air 1-4.

N o. 3. The sam e, w ith a field of 43 ,100  gauss.
N o. 4. Ordinary a -ray tracks obtained  wit hout a m agnetic  field.
N o. 5. a -ray  tracks in hydrogen in a m agnetic  field of 39.400 gauss. The in itia l pressure is

norm al; th e  expansion  1-5.
N o. 6. (x-ray tracks in hydrogen at reduced pressure, magnetic field 44,500 gauss: initial

pressure 37 cm , expansion  1-6.
N os. 2, 3, 4, 5 and 6 are enlarged 1-832 tim es.
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then it is easily proved from (7) that the current i in the oscillograph will vary 
in exactly the same way as the current I. In fact

In our case we obtained the same result in a different way. The shunt 
has a very small self-inductance, thus making the term L(dT/dt)  on the right- 
hand side of the expression (7) small compared with the first term. If, now, a 
non-inductive resistance is introduced in series with the loop (which itself 
has a small self-induction), the term l(di/dt) on the left-hand side of the 
expression (7) will also be small compared with ir. In  such a way the condition 
(9) was obtained without adjusting the self-inductions.

The construction of the non-inductive shunt is shown in Fig. 6. I t  consists 
of two copper rectangles (1) to which the terminals of the main cable are

fastened by means of two bolts (2). The leads from the oscillograph are con
nected to the terminals (3). The shunt consists of constantan wires (4) bent 
in U shape and soldered on both sides of the rectangles, as shown in Fig. 6.

The distance between the copper rectangles is only 1 mm. The resistance 
of the shunt was 0-000465 ohm, and the resistance of the oscillograph circuit 
was 3-754 ohms.

The fact that the self-inductance did not affect the distribution of the current 
can easily be seen on any oscillogram of the discharge of the accumulator 
through a non-inductive resistance, such as, for instance, the oscillogram No. 1 
(Plate 1), which is of the fusing of a wire in series with a non-inductive 
resistance of 0-025 ohm. On this oscillogram it can be seen that the current 
reaches a steady value almost at once. If L  were appreciable, the curve would 
rise sharply to a value higher than the steady value to which it finally attains.

On the other hand, if I were appreciable, no sharp break at all would be found 
in the curve. Oscillograms of this kind were actually obtained if a straight 
wire instead of the shunt (Fig. 6) was used.

Owing to the reasons described in the beginning of this paragraph the cali
bration of the oscillographs was carried out in the following way:

A resistance equal to that of the oscillograph was prepared and a current 
of definite value, was sent through i t ; after switching off the current, in place 
of the resistance the oscillograph was introduced. By means of the big switches, 
the current was sent through the oscillograph for several hundredths of a
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second and the oscillogram taken. For verification that the current was the 
same, the oscillograph was again replaced by the resistance and the current 
checked. One of the oscillograms so obtained is shown in No. 2 (Plate 1). 
From this oscillogram it is also seen how efficient is the damping of the loop. 
The oscillogram shows that the oscillograph reaches its final deflection prac
tically at once.

The proportionality between the deflection of the oscillograph and the 
calibrating current was verified and found to be correct to the limits of the 
error of measuring the current in the oscillogram (0-4 per cent); the calibration 
of the oscillograph taken after an interval of time of one month showed a 
change of only 2 per cent, and the variation per day was no more than 0-5 per 
cent. This was thus the accuracy to which we could measure the current 
through the coil. If necessary, this accuracy could probably be increased to 
0T per cent.

5. T he  Coil

The problem of the construction of the coil divides into three parts. The 
first is the choice of shape and resistance, the second the choice of the method 
of winding, and the third the determination of the constant.

The first part of this problem has already been fully discussed by Fabry1. 
He shows that the shape of the coil has no important influence on the magnitude 
of the field obtained. If H  is the field in the middle of a coil with a circular 
opening of radius a, W the power of the source of electric energy available, 
q the specific resistance of the material of which the coil is constructed, r] the 
coefficient of filling (the ratio of the total cross-section of the winding to the 
section actually filled with conductors), then

k, the constant which depends on the shape of the coil takes different values, 
which in all cases of practical interest are included in the range between 
k =  0T5 and k =  0-27. From this formula it is easy to obtain a rough estimate 
of the field if the energy W and the radius a arc given.

In our case the choice of the shape and size of the coil is somewhat more 
complicated. On the one hand, if we take one with many turns and of a large 
cross-section, it will have a large self-inductance, and in discharging the accu
mulator through it, it may happen that the current will reach its maximum 
value only at the moment when the energy of the accumulator is nearly 
exhausted. On the oscillograms Nos. 3 and 4 (Plate 1) discharge through two 
different coils, No. 2 and No. 3, are shown. Both had the shape shown in Fig. 7, 
and the following were their details (n is the number of turns):

Coil No. 2. x =  2-7 cm, y = \ -2 cm, 2d =  3-7 cm, 2J =  0-4cm, 
n = 48.

Coil No. 3. x =  4-31 cm. y = 2-25 cm, 2d =  4-8 cm, 2Z =  0-5cm, 
n =  70.



Strong Magnetic Fields 91

No. 3 has much larger self-inductance and the current reaches the maximum 
value only after 0-007 sec: it is less efficient than the smaller coil, where the 
maximum is reached after 0-0025 sec, because after a hundredth of a second the 
power will be in all cases, as is seen from the Fig. 2, about 20 per cent less 
than the initial power. This indicates that small coils arc more efficient than 
larger ones; but, on the other hand, if the coil is small it is heated up much 
more quickly and the current cannot be maintained for so long a time. More 
difficulties are thus introduced in performing the experiment.

I t  is very difficult to take into account all these considerations. For each 
experiment, according to its requirements, a coil has to be chosen. After 
making a few coils, it is easy to find, by taking oscillograms, which is the best.

Fig. 7

The uniformity of the field is one factor more which has to be considered in 
designing a coil. If the coil is very flat, then the field inside it will not be 
uniform. To have a field uniform to about 1 per cent, the height of the coil 
has to be at least twice its internal diameter, but in making it high we shall 
again increase the self-inductance and, in consequence, diminish the field.

When the shape of the coil is fixed it is necessary to decide what resistance 
shall be given to it. If it is of small self-inductance and the field is needed for 
a short time, then the resistance should be made equal to that of the accumu
lator. In the case of large self-inductances and fields of longer duration, the 
resistance might be taken 10 to 30 per cent larger than in the previous case. 
Knowing the shape and the resistance, it is easy to calculate the number of 
turns.

The winding of the coil should be done in such a way as to make the coeffi
cient of filling r\ as near as possible to unity. A very efficient method is shown 
in Fig. 7. The winding is done with high-conductivity copper band insulated 
by a silk ribbon soaked in shellac: the coefficient of filling rj was in one case 
about 1-2 in this example.
4 u *
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Finally, when the coil is made, its galvanometer constant oc has to be found 
(pc is equal to the field in gauss in the middle of the coil, when 1 ampere flows 
through it). This constant can be calculated for a coil with a gap, as in Fig. 7, 
by the following formula :

a 0-l7r n
x -  y

d
d — I arcsinh — arcsinh - 1  —

d d
I

d -  I arcsinh -j- — arcsinh —

This formula should give a value within 2 or 3 per cent of the actual one. 
For instance, for coil No. 3 the calculated value was 10-2 as against the mea
sured value of 10-55.

The exact determination of the constant can be done experimentally in the 
following way: A standard coil was taken of an internal diameter of 65 cm, 
very regularly wound, for which the constant oc could be exactly calculated. In 
the middle of this, a small magnetic needle of length 1-5 mm, with a small 
mirror attached, was suspended on a fine quartz fibre. By means of a permanent 
magnet placed some distance from the coil, the needle was kept in the plane of 
the standard coil. The coil under investigation was placed in the middle of the 
large coil in such a way that their planes and centres coincided. The magneto
meter was also placed at the centre of the coil under investigation, the fibre 
passing through the gap. Currents in opposite directions were sent through 
both coils and were adjusted until the image from the mirror of the magneto
meter thrown on a scale remained in its zero position. By measuring the ratio 
of the two currents it is easy from the constant of the standard coil to calculate 
the constant of the coil under investigation. This method is very sensitive 
and an accuracy of 0-1 was easily obtained.

The variation of the axial component of the magnetic field over the area of 
the gap in the coil under test can be found in the same wav. For this purpose 
it was shifted in its own plane. Then the magnetometer needle, which remains 
in the centre of the standard coil, will be situated at different points inside the 
coil investigated. The variations of the axial components at all points in the 
gaps of coils No. 2 and No. 3 were obtained. In Fig. 7 is given the variation in 
the coil No. 3 in the plane of the slit; it is observed that it is about 4 per cent. 
In coil No. 2 it was less than 1 per cent. In both cases, perpendicular to the 
plane of the gap, the variations of field were less than 0-1 per cent. However, 
this method can be applied only to coils with a gap.

6. E x p e r i m e n t s

On oscillograms Nos. 3 and 4 the discharge through the coils No. 2 and No. 3 
arc shown. The upper curve of the oscillogram gives the current; it reaches its 
maximum value gradually owing to the self-inductance; and when, after a time 
of 0-01 sec, the coils are short-circuited, the current gradually falls, on account 
of the gradual dissipation of the energy of the magnetic field. The tension 
curve is shown below on the oscillogram No. 3; the voltage reaches its maximum
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value at once and afterwards gradually falls down and drops to zero when the 
coil is short-circuited. To measure the field inside the coil, since oc was known, 
only the current has to be determined. This was done in two ways. First, by 
measuring the current oscillogram. As the resistances of the oscillograph and 
the shunt and the constant of the oscillograph (section 4) are known, the current 
can be determined. Secondly, if the scale of the tension oscillogram and the 
resistance of the coil are known, the current can also be measured. In this case, 
it should be remembered that Ohm’s law will hold only at the moment when 
the current shown by the oscillogram reaches its maximum value; for at this 
moment d l /d t  is equal to zero and the self-inductance term does not come in. 
There was an agreement of 1 per cent between the values obtained in these 
two ways. The second method was not so exact as the first on account of the 
uncertainty in the determination of the maximum of the current, and, in general, 
the current was measured by the shunted oscillograph. In our experiments H  
was found correct to 0-5 per cent. But, if necessary, the method could be 
pushed to 0-1 per cent. While the accumulator was giving its full power, 
fields of the order of 500 kG for three-thousandths of a second were obtained 
by discharging the battery through a coil of 1 mm internal diameter. In coil 
No. 2 fields from 75 to 80 kG, and in coil No. 3 from 40 to 45 kG were ob
tained; the results with No. 3 were not so high as we estimated, because they 
were obtained after nine months of work by the accumulator, when its power 
was somewhat reduced.

The large amount of power and energy (2-5 large calories) which are yielded 
by the accumulator during a short fraction of a second can be easily demon
strated by fusing a copper wire 2 to 3 mm in diameter. This gave a loud report 
and an intense flash of light like an explosion. Actually, the current density in 
this usual experiment for producing magnetic fields reached the value of
100,000 amperes per square centimetre.

The mechanical forces which appeared in the coil, when the discharge was 
produced, on account of the interaction of the currents and the fields, were of 
the order of 2 or 3 tons weight, as is easily calculated. I t  was found that 
coil No. 2 during its use gradually increased its resistance, which became 4 per 
cent higher at the end of the experiments than in the beginning. This increase 
of resistance is probably due to the expansion of the coil under the influence of 
the current. I t is only on account of the short time during which the forces 
act that the coil is not pulled to pieces. This is indeed an extra difficulty which 
might make it impossible to obtain continuous strong fields in small coils, even 
if it were possible to maintain a current in them for a long time without over
heating them. The forces which occur are very well demonstrated by the 
following experiment. Two flat coils, 3 cm diameter, each of 22 turns, were 
placed one on the top of the other; between them a piece of lead and a coin 
were placed. After the discharge of the accumulator through the coils, a 
reverse of the coin was pressed in the lead.

It is interesting to discuss what would be the limit of the magnitude of short 
existing magnetic fields of the type described in this paper. I t  seems to me 
that the limit is mainly fixed by financial considerations. From the expression
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(8) we see that the strength of the field increases as the square root of the 
power, or, in practice, rather less rapidly, because using large powers heavier 
coils must be used and they will have a larger self-inductance, and so the 
battery will work less efficiently. I  estimate that it is quite possible to arrange, 
on a large laboratory scale, a battery which will produce a field of the order 
of 2 or 3 million gauss in a coil of 1 mm inside diameter.

There is a further possibility of increasing the strength of the field by cooling 
the coil with liquid air. This will diminish its resistance, and fields about 2\  
times as great would be obtained. But this is only applicable to experiments 
of a restricted type, such as, for instance, magneto-optical experiments.

In conclusion, I would like to draw attention to the fact that in other 
branches of physical investigation it might be possible, by using the large 
power obtained from the accumulator, to increase the scope of physical 
research—for instance, in obtaining high temperatures, high pressures, flashes 
of light, etc. By transforming the current from the accumulator to a higher 
tension, it might be possible to obtain powerful discharges in gas tubes and 
X-rays flashes.

These experiments were performed with the continuous assistance of 
Mr. E. I. Laurmann, to whom I wish to express my thanks. I am indebted 
to Mr. H. W. B. Skinner for help in correcting the proofs of the paper. I 
would like also to express my gratitude to Prof. Sir E. Rutherford for pro
viding the means with which to carry out these experiments in his laboratory, 
and for his constant interest in the work.

The accomplishment of this work was rendered possible by a grant from 
the Department of Scientific and Industrial Research.

R e f e r e n c e s

1. F a b r y , J. de Physique, scr. 4 , 9 , 129 (1910).
2. F or a prelim inary accou n t of these a -ray  experim ents sec Pioc. Camb. Phil. Soc., 21, 

511 (1923); Collected Papers, ch. 8, p. 57.
3. See L ord R a y l e ig h , Theory of Sound, Vol. 1, ch. 0.



12. a-RAY TRACKS IN A STRONG 
MAGNETIC FIELD*

1. A  W ilson expansion  apparatus for producing a -ray  tracks in  a m agnetic  
field is described.

2. P h otograp h s of curved a -p artic le  tracks were ob ta in ed  h i air and  
hydrogen  and th e  curvature of th ese  tracks w as m easured.

3. T h e m ean va lu e  of ejv o f th e  a -p artic les for d ifferent parts o f th e  range  
from  1 to  20 m m  is g iven .

4. T he v e lo c ity  curve of a -p artic les at th e  end of th eir  range is deduced .

1. I n t r o d u c t i o n

When an a-particle moves in a magnetic field it describes a curved trajec
tory, the curvature of which is closely related to its charge and velocity. Thus 
the track of an a-particle obtained in a Wilson expansion chamber, placed in a 
magnetic field, will be no longer straight, but curved. From study of these 
curved tracks it should be possible to obtain information about the loss of 
energy and the change of the charge of a single atom moving through matter.

The difficulty of this experiment is the necessity of using a strong magnetic 
field. The author1 has recently published a description of a method of produc
ing strong magnetic fields for a small fraction of a second. The strength of 
these fields is of the order required for this kind of experiment, and the short 
period of time (0-01 sec) during which the field is available is still very long 
compared with the time taken by the a-particle to describe its trajectory 
(1-0 x .10~7 sec). A preliminary account2 of this experiment has already been 
published, but it took about a year to complete the experimental results. In 
the present paper the description is given of the experimental arrangements 
used and of the results obtained.

2. T he  E x p a n s i o n  Ch a m b e r

The Wilson expansion chamber used in this experiment has to fulfil the 
following requirements: (.1) it must be of a small size to fit inside the coil;
(2) the chamber must be designed in such a way as to make use of the whole 
space inside the coil; (3) it must be without metal parts, because strong cur
rents would be induced in the metal which would produce disrupting forces 
and cause heating up of the chamber. Owing to the small size, it must be 
vacuum-tight, because even a small leak would produce considerable turbulence

* P . L. Kapitza, a -ray  tracks in  a strong m agnetic  field, Proc. Roy. Soc., A 1 0 6 , C02 (1924).
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of the gas inside. The motion of the bottom of the piston must be parallel 
to the cover of the chamber in order to avoid the production of irregularities 
in the motion of the gas.

A diagram of the expansion chamber, which worked satisfactority in the 
present experiments, is given in Pig. 1. I t  consists of a glass cylinder (1) made 
from a selected glass tube and carefully ground on the cut edges. A glass disk (2) 
is stuck with Canada balsam to the upper part of the tube. The lower part 
is fixed with sealing wax to a brass ring (3) which, by means of eight screws, 
was fixed to the base of the apparatus (4). The joint between (3) and (4) is 
sealed by an india-rubber washer. The piston (5) is made of ebonite and fits the 
glass cylinder accurately. The piston is empty inside and has a circular channel 
(6) round the middle, which is filled with mercury.

This arrangement was found necessary when a very small expansion chamber 
was used (diam. 2-5 cm) because it provided a tight and frictionless joint for 
the piston. In the glass cylinder were made three holes a, b, and c; a was used 
to evacuate the expansion chamber; b was covered with thin mica, through 
which the a-particles from the source (7) could pass, and the purpose of the 
hole c will be described later.

The space under the piston was filled with water. To prevent the piston 
from getting wet it had a glass plunger (8). The free space between the plunger 
and the piston was filled with paraffin wax. The expansion was produced by 
means of the bottom part of the apparatus. Through the cylindrical hole in 
the ring (4) passed a massive cylinder (9). The motion of the cylinder down
wards moves the piston down and so an expansion is produced in the chamber. 
To obtain a tight joint between (9) and (4), an india-rubber tube (10) was tightly 
attached to both, in the way shown in Fig. 1; the rings (11) prevented the india- 
rubber from being squashed against the cylinder during the expansion. The 
water below the piston was necessary to obtain a more definite motion of the 
piston and to make possible the evacuation of the expansion chamber to 7 or 
8 cm of mercury. This is essential when it is required to fill the chamber with 
various gases.

I t  is a rather delicate operation to assemble the expansion chamber and to 
fill it with water. This is done in the following way. The cylinder is removed 
and carefully cleaned on the inside with alcohol to remove any traces of grease. 
This is important to prevent the mercury in the ring from sticking to the walls. 
The piston is also carefully cleaned and the little dish on the top is filled with 
gelatine solution blackened with ink. Then the piston is inserted in the cylinder 
and lifted up in such a way that the opening c is opposite the ring-channel (6) of 
the piston. Mercury is poured in the channel by means of a capillary tube and 
the piston is lifted to the normal height. The openings c and a are then sealed 
up with wax. Next the cylinder is fastened to the ring (4); the hole a is again 
opened and water is introduced through the channel (12); this makes the piston 
rise, until it is nearly up to the top; then the water is stopped and the piston 
falls and removes some of the remaining air through the channel (12). This 
operation, repeated several times, permits the filling of the apparatus with 
water. After closing up the opening of the channel (12) by means of the screw
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(13), the few bubbles of air remaining in the cylinder are soon dissolved in the 
water, since boiled water is used.

To produce the expansion, an ordinary trigger arrangement was used; a 
spring pulled down the piston. These arrangements are not shown in the dia
gram.

The coil (14) with a slit in the middle, used to produce the magnetic field, 
was placed as shown in Fig. 1. Through the slit of the coil a beam of light from 
a powerful arc-lamp was sent in order to illuminate the tracks. An automatic 
shutter was arranged to let the light into the chamber only after the expansion. 
The photograph was taken with a Zeiss Tessar lens (F/3-5 and focal length 
7-5 cm), with an exposure of 1/30-1/60 sec.

Fig. 1

Scale, cm
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3. T he  T e c h n i q u e  of P r o d u c i n g  T ra c k s

In this experiment it is extremely important to obtain sharp and narrow 
a-ray tracks. To obtain them it is necessary that the a-particles enter the cham
ber at a definite moment of the expansion. This was arranged by means of a 
special shutter, shown in Fig. 1 and in detail in Fig. 2.

I t  consists of a thin aluminium strip (15) with a narrow slit (16) which 
moves between the source (7) and the opening b. The slit is attached to a 
little brass plate (17), which slides in a slot in a brass plate (18); by means 
of a lever (19), pivoting round the point (20) and a rod (21) connected to the 
brass cylinder (9), the slit during the expansion moves down with a speed about 
ten times as great as the piston.

The moment at which the slit passes near the source and lets the a-particlcs 
in can be regulated by adjusting the length of the rod (21), by two nuts (22). 
The lever (19) can move downwards independent^ of the rod (21), and this 
allows the opening of the slit even after the expansion is finished, since the 
lever, on account of its inertia, will continue to move downwards after the 
piston has stopped. A small clamping arrangement (23) prevents the lever from 
returning back.

The time during which the a-particles enter the chamber is about 1/500 to 
1/1000 of a second. The speed of expansion, the ratio of expansion and the 
time at which the a-par tides enter have to be very carefully adjusted in order 
to obtain good tracks. During the expansion two processes are happening; 
(1) the gas in the expansion chamber is gradually and uniformly cooled by the 
expansion, and (2) the gas is heated up by conduction from the walls of the 
expansion chamber, near which no tracks arc formed. To obtain a good track, 
the expansion must be complete in such a time that this process of heating 
up has no time to raise the temperature of any considerable layer of gas near 
the walls. To get the tracks formed up to a distance of 1 to T5 mm from the
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walls, the time of expansion in air was about 1/40 sec, in hydrogen about 
1/100 sec, and in hydrogen under reduced pressure it amounted to 1/150 sec. 
I t  is extremely important to fix the moment at which the a-particles enter the 
chamber. If the a-particles are let in early during the expansion when the tem
perature is not sufficiently low for condensation, then the ions have time to 
diffuse before the condensation takes place and the tracks are thick and diffuse. 
By making the time of the opening of the source nearer and nearer to the end 
of the expansion, finer and finer tracks are obtained. The tracks are the best 
if the a-particles are let in a very short time (1/1000 sec) before the end of the 
expansion. If they are let in later, after the expansion is finished, only pieces 
of the tracks are obtained, because only part of the air is at a temperature suf
ficiently low to produce condensation. These pieces of tracks may occasionally 
show spurious forks.

In a small expansion chamber the adjustment of the time of the opening 
of the slit must be very accurately carried out, and this is not easy. The diffi
culty is the greatest when tracks are obtained in hydrogen under reduced 
pressure (30 cm) as the ions have a large mobility, the diffusion is rapid and 
the heating-up of the chamber very quick. The 6-rays along the a-ray track, 
which were first observed by Bumstead,3 make the track foggy and thick. I t  
was very satisfactory to find that in actual experiments in a magnetic field the 
tracks become much sharper, probably because the electrons and the ions are 
curved in small circles and cannot diffuse so rapidly. The ratio of the expansion 
in case of air was 1-4, in case of hydrogen 1-5, and in hydrogen under reduced 
pressure 1-6. This high value must be used owing to the lieating-up of the cham
ber, on account of the greater thermal conductivity. The difference between 
the two values for hydrogen at different pressures is due to the reduced thermal 
capacity of the hydrogen at the lower pressure.

I t  was found that broadening of the tracks may also be caused by shaking 
of the apparatus, even when the camera is rigidly bound to the same stand 
to which the expansion chamber was fixed. A curious fact was noted. The rim 
of the expansion chamber was sometimes perfectly sharp on the photograph 
when the tracks were broadened and gave double images. The explanation 
is that the little drops of water suspended in air remain more or less stationary 
when the expansion chamber and the camera are shaking. By taking suitable 
precautions (such as, for example, providing india-rubber supports) this trouble 
was avoided. In designing the expansion chamber I had the advantage of 
consulting with Mr. C. T. R. Wilson and Mr. P. M. S. Blackett, to whom I wish 
to express my thanks.

4. T he  T i m i n g  A r r a n g e m e n t s

The moment during which the a-particles enter the expansion chamber 
must coincide with the moment of the maximum current in the coil. To time 
these two processes the following arrangement was used.

The big switch described in the previous paper1, when falling, operated, by 
means of a Bowden cable, the trigger of the expansion chamber. This moment
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could be regulated, and this made it possible to adjust the moment at which 
the a-particles enter the chamber relative to the moment of the switching on 
the current. To set this adjustment the following arrangement was used.

The slit (15) when in motion operated two contact breakers, one of which 
(24) breaks the contact when the slit of the shutter just begins to uncover 
the opening in the expansion chamber. The second contact-breaker (25) 
breaks contact just when the slit closes the opening. These two contact- 
breakers controlled the current through the loop of an oscillograph, in such 
a way (the connection as shown in Fig. 2) that a current passed through the 
oscillograph only during the time when the slit let thea-particles in the chamber. 
The current in the coil which produced the magnetic field was recorded by 
means of another oscillograph. The curves of both oscillographs were recorded 
on the same falling plate. An example of the oscillograms taken, showing 
the timing, is given in No. 1 (Plate 2, p. 89). The upper curve registers the current, 
and the lower curve the time of the opening of the source. From this photo
graph it is seen that the time dining which the oc-particles enter the chamber is 
less than 0-002 see. The timing, once adjusted, kept quite constant during the 
experiment. From the oscillogram, the current in the coil during the time in 
which the a-particles entered the chamber was measured, and the magnetic 
field determined in the way described in the previous paper.1

5. T h e  E x p e r i m e n t s

Two expansion chambers were used in the experiments. One was 2-2 cm, 
and the other 4-3 cm in diameter. The coils in which the magnetic fields were 
produced are described in the previous paper1, where they are numbered 
2 and 3 respectively. In the smaller expansion chamber, fields up to 80,000 
gauss could be obtained; but on account of the small size of the chamber it 
was inconvenient for work with hydrogen. The larger expansion chamber was 
much easier to fill with gas, and gave more exact results. With increasing size 
of the expansion chamber, the field under the experimental conditions decreases 
inversely as the square root of the diameter of the chamber. But if in a larger 
expansion chamber the pressure is reduced to the amount required to obtain 
the same section of the track as in the smaller chamber, and the photographs 
obtained from the curved tracks in both expansion chambers are enlarged 
to the same size, then the greater curvature will be found on the photograph 
obtained in the larger expansion chamber. I t  can be shown that the curvature 
increases as the square root of the diameter of the expansion chamber. We 
have also the advantage that the track obtained in the larger expansion chamber 
is less enlarged and so will be sharper and more easily measured. Thus it is 
more efficient to use a large expansion chamber, in spite of the smaller fields 
obtainable in it. But there is a practical limit to the increase of the size of the 
chamber, because the self-induction of the coil increases with the size and so 
the field diminishes more rapidly than the square root of the diameter.1

All the results described in this paper were obtained with the larger expan
sion chamber of 4-3 cm diameter. The source used was polonium, equivalent
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to g mg of radium, and for its preparation I  am indebted to Dr. J. Chadwick. 
The opening in the expansion chamber was covered by mica of such stopping 
power that only the end portions of the tracks appeared in the expansion 
chamber.

The experiments were performed in the following way. Two successive 
photographs were taken; the first was taken without the field, in order to see 
that the apparatus was in order and that the tracks were sharp and straight. 
The second was taken in the field. The camera was arranged in such a way 
as to take two successive photographs on different parts of one plate.

The taking of the photographs is accomplished by releasing the photographic 
plate on which the oscillograms were recorded. The plate falling operates the 
relays of the big switch, and this in turn operates the expansion chamber and 
the shutter of the camera. After each photograph the coil was heated up 
20 or 25 degrees, and it took about half an hour for it cool down for the next 
photograph. About 8 or 10 photographs could be taken in a day, but among 
the many tracks obtained only a few were good enough for measurement.

A good track for measurement has to be sufficiently long and must not be 
overlapped by other tracks; also it is important that the end of the track should 
fall inside the expansion chamber. This can be recognised on the photograph 
in the following wavs: (1) almost every end has a little kink, and (2) if the 
track strikes the wall of the expansion chamber the ions formed near the wall 
do not condense water, because the air here is not sufficiently cool, and since 
some of the ions diffuse into the cooler part of the expansion chamber, a blunt 
end of the track is observed (see photograph 2, Plate 2, for an example of this). 
Out of 200 tracks photographed in air, only 24 were found good enough for 
measurement. .

The work with hydrogen is much more difficult, because only the last few 
millimetres of the end of the tracks are taken and it is not easy to adjust 
exactly the thickness of the mica which covers the window of the expansion 
chamber. A slight condensation of water on the mica window makes the tracks 
short. In hydrogen at normal pressure, when the total length of the tracks 
in the chamber corresponds to 6 or 7 mm of air at normal pressure, only 12 
tracks suitable for measurement were obtained, and in hydrogen at 20 cm 
pressure, where the total length of the tracks corresponds to 2 or 3 mm in air, 
only 5 tracks were satisfactory.

6. T h e  Me a s u r e m e n t  of t h e  Cu r v a t u r e

One of the most difficult problems in this investigation was the measure
ment of the curvature of the a-ray track, because the curvature involves the 
second differentials of the coordinates of the track. This is especially the case 
when it is required to determine the curvature of a small length of the track. 
The following method, after many trials, was found to be the most satis
factory.

The photograph of the track was enlarged 1832 times on a lantern plate and 
printed on a contrasty paper. By means of dividers, the track was carefully
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sub-divided by faint marks into sections 3*5 mm long. The photograph was 
placed under a microscope with magnifying power of about 5. The field of the 
microscope was limited by means of a diaphragm, so that only 3-5 mm of the 
track could be seen at a time. The microscope could be moved parallel to the 
plane of the photograph in two perpendicular directions. I t  could also be 
turned about the optical axis and the angle of rotation read on a scale with an 
accuracy of 1/10 of a degree. In the eye-piece of the microscope two perpendi
cular cross-wires were fixed. The process of measurement was the following.

The microscope was adjusted in such a way that the cross-wires covered the 
mark made by the dividers on the track, one of the wires being tangential to 
one of the edges of the track. The reading of the angle was taken, the adjust
ment of the wires tangentially was carried out three times, and the mean value 
of the readings was taken. Then the microscope was moved to the next point 
and the same procedure was repeated, and so on successively for all the points 
on the track. The error with which the cross-wire could be adjusted was never 
more than 0-3°. The angle between the tangents at the end of a section 3-5 mm 
in length varied from 2° to 4° in different parts of a track.

If, in order to calculate the curvature, we take two successive points, the 
accuracy will be small (5-10 per cent). To increase the accuracy the difference 
in the angle between the first and the fourth, the second and the fifth point, 
etc., was taken. In this case, the accuracy of the measurement of the curva
ture was from 2-5 to 5 per cent. The length of the track on which a single 
measurement of curvature was made corresponded to a length of 3-5 to 4-0 mm 
of the track in the gas at atmospheric pressure. Since the curvature does not 
vary very much along the track this length is quite convenient. For each of 
the tracks the curvature wras measured on both edges and the mean value 
taken; this was done because the tracks were found to be not always uniform 
in thickness.

7. T h e  P o s s i b l e  E rrors  of the  E x p e r i m e n t

From the oscillogram with the timing record, it could be seen that during 
the time at which thea-particles entered the chamber the current was constant 
to |  per cent. The absolute value of the field could be determined as shown 
in the previous paper with an accuracy of A to 1 per cent. Thus the accuracy 
of determination of the field in which the <x-particle moves was about 1 or 
1^ per cent. As the magnetic field in the coil No. 3 varied by about 2 per cent1 
over the area, the curvature measured along different parts of the tracks was 
corrected, and the results of the measurements for different tracks were 
reduced to the same field (40,000 gauss).

Another error in measuring the curvature may occur if the a-particle does 
not move perpendicular to the magnetic field of the coil. I t can be seen that 
this is never very serious, since the layer in the expansion chamber in which 
the air is sufficiently cool to form tracks is thin, in fact, only 5 or 6 mm thick, 
and the maximum error due to this cause is only 0*3 per cent. In measuring 
the curvature, the parts of the tracks at a distance of 3 or 4 mm from the
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beginning were never taken into account, since a slight irregularity in the 
curvature of the tracks appeared near the opening in the expansion chamber; 
it was found to be due to the motion of the air from the cavity formed by the 
opening (a), covered with mica on the outside. This irregularity was observed 
on tracks which were taken without the magnetic field.

Taking all these errors into account we may expect the accuracy of our 
measurement of the curvature of the tracks to be between 3 and 7 per cent.

In  determining the range of the tracks the error was chiefly due to the diffi
culty in exact determination of the ratio of the expansion, and, in the experi
ments in hydrogen, to the possible contamination with heavier gases. The 
estimated error is about 2 per cent in air and 3 per cent in hydrogen.

8. T he  E x p e r i m e n t a l  R e s u l t s

Photographs 2 and 3 of Plate 2 are of a-ray tracks obtained in air in a 
magnetic field of about 40 kg. The length of the tracks corresponds to a 
range of 2 to 3 cm in air at normal pressure. The measurement of the curvature 
of these tracks shows at once that the curvature at equal distances from the 
ends of the range varies from track to track, and this difference in the curva
tures increases towards the end of the track. To obtain an idea of these varia
tions, 24 tracks were taken and the average curvature at points along the 
track was calculated. The absolute values of the deviations from this average 
for certain points on the track were calculated and the mean value taken. 
At a distance between 7 and 20 mm from the end of the range this mean 
deviation was about 8 or 10 per cent of the average curvature. Towards the 
end of the track the mean deviation increased; for instance at 3 mm it reached 
the value of 40 per cent. This variation of curvature was noted in our previous 
paper.2 At that time I thought that the phenomenon was closely connected 
with the straggling of the a-particles. The improved method of measuring the 
curvature described in this paper made it possible to investigate more accurately 
this difference in curvature of the tracks of different a-particles.

As the possible errors in determining the magnetic field, the range and the 
curvature of an a-particle cannot account for it, there remained only one possi
bility to be considered. This is the so-called natural curvature.

On photograph 4 are shown a-ray tracks in air without any magnetic field; 
by close examination of these tracks it can be seen that they are not quite 
straight lines, but have a slightly wavy character, which might possibly account 
for some of the difference in the curvature of bent a-particles if superposed 
on the constant curvature produced by the magnetic field. To investigate 
this possibility the natural curvature was measured along twelve “ straight 
tracks”, and the average calculated for several points from the end of the 
range. I t  was found that this average curvature increases towards the end of 
the range, and its magnitude is such as to explain sufficiently well the varia
tion of the curvature of bent tracks in air. The origin of this natural curvature 
lies probably in the collisions of the a-particle with the nuclei of the atoms 
of air. I t is known that collisions in which the a-particle is onlv slightly deviated
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are more probable than those causing larger angle deviations. I t  is possible 
that a number of these successive small deviations may give to the x-ray track 
the wavy form.

The increase of the natural curvature towards the end of the x-particle track 
confirms this explanation, because the probability of an x-particle being deflected 
in a collision increases rapidly with decreasing velocity. If this explanation 
of the natural curvature is correct it can be diminished by taking x-ray photo
graphs in hj'drogen instead of in air, because it is known that the probability 
of deviation by collision of an x-particle is smaller, the lighter the nucleus of 
the atom with which it collides.

The actual experiments in hydrogen show that the x-ray tracks are much 
straighter and that the average natural curvature, for instance at a distance of 
5 mm from the end of the range in hydrogen at normal pressure, is 10 times as 
small as in air at an equivalent distance. This supplies confirmation for our 
point of view on the natural curvature of x-ray tracks. The curved tracks 
obtained in hydrogen in a magnetic field, of which one is shown in photograph 5, 
show less variation of curvature than the tracks taken in air. In hydrogen, 
at a distance between 8 and 18 mm from the end, the average deviation from 
the mean curvature is between 5 and 8 per cent; the variation which is esti
mated from the natural curvature of twelve straight tracks is somewhat less 
(3-5 per cent). I t  is very hard to tell whether this difference is genuinely due 
to a difference in x-particles, as suggested in our previous paper2, or is due to 
the errors of experiment. From this measurement we can only deduce with 
certainty that, if there exists any difference in the curvature of the x-particle 
tracks, produced in the same magnetic field, this cannot on the average be 
larger than 3 or 5 per cent.

Towards the end of the x-ray tracks in hydrogen, the difference of the 
curvature also increases, as we should expect from the suggested origin of the 
natural curvature. At a distance of 6 mm it reaches 20 per cent. The difference 
expected from measured “ straight” tracks is of the same order.

The single x-ray track curved in a magnetic field is affected to such an 
extent by the natural curvature that it is not possible to obtain quantitative 
results of the change of the curvature along the range. This can only be done 
by using a magnetic field four or five times as strong as that used in our present 
experiments. But it can casity be seen that on photographs 2 and 3, taken 
in air, the x-particle track is less curved than on photograph 5, taken in 
hydrogen at normal pressure. As the length of the track on the photograph 
in hydrogen corresponds approximately to the last quarter of the whole length 
of the track taken in air, we see that towards the end of the range the curvature 
increases. If now wc compare photographs 5 and 6, both taken in hydrogen 
but at different pressure, the latter being taken at a pressure about one-third 
of that of the former, we see that on photograph 6 the curvature is less than 
on photograph 5. Further it rapidly decreases towards the end and in the 
last few mm the track is practically straight. Thus we conclude that the 
curvature of an x-particle has a maximum somewhere near the end of its 
range.



(X-Ray Tracks in  a Strong Magnetic Field 105

The explanation of this phenomenon is the following: the curvature 8  of 
an (%-particle moving in a magnetic field is given by

S = -v
H_
m ( 1 )

where H  is the magnetic field, m is the mass, v the velocity, and e the charge. 
Towards the end of the range the velocity v diminishes and we should expect 
the curvature to increase; but this will happen only if the charge e remains 
constant. This is known not to be the case. I t  has been shown by Henderson4 
that the (x-particle, towards the end of its range, captures electrons and may 
become singly charged or even neutral. Rutherford5 in a recent paper has 
studied this phenomenon of capture and loss of electrons by a-particles quanti
tatively. He found that a single (x-particle captures and loses electrons very 
often towards the end of the range. Thus in our experiments we may expect 
an a-particle, even a short distance, to move sometimes doubly charged, 
sometimes singly charged and sometimes neutral.

Obviously the charge which enters in our equation (1) is the average charge 
of an (x-particle. Rutherford found that slow-moving cv-particles capture 
electrons more often than fast. Thus we may expect the average charge of 
an (x-particle to diminish with decreasing velocity of the a-particle.

From the general consideration of our photographs we can deduce that 
up to the point of maximum curvature (3 mm from the end of the range in air) 
the average charge of the (x-particle decreases less rapidly than the speed, 
and at the end of the range, after this point, the opposite happens. Here the 
charge decreases more quickly than the speed.

To obtain quantitative results from these photographs the natural curvature 
has to be eliminated. This can be done only by taking the average value of 
the curvature for a large number of tracks. The natural curvature, being due 
to collisions, may take positive or negative values, and is independent of the 
curvature produced by the magnetic field; it will be eliminated by averaging. 
Twenty-four tracks in air were taken and the average curvature for different 
points of the tracks was calculated.

From expression (1), knowing the curvature and the magnetic field, e/v can 
be obtained, where e is the average charge.

In calculating these results ejm for an a-particle was taken as equal to 
4826 c.m.u.*

In Fig. 3 e/v is plotted against the emerging range in air at normal pressure 
and 15°C; e is expressed in terms of the charge of an electron, and v, the 
velocity, in terms of V0 =  T922 x 103 cm/sec of a-particles from radium C1.

The points through which the curve is drawn are marked as circles. They 
lie on a smooth curve up to a distance of 5 mm from the end of the range. 
Closer to the end the values obtained are not reliable, on account of the great 
influence of the natural curvature which was not eliminated sufficiently well 
by averaging 24 tracks. In Fig.4 the same kind of curve is drawn, but taking

* The most accurate values of ejm  and V are given by Rutherford and Robinson6.
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for ejv the values obtained by averaging 12 tracks in hydrogen. Values for 
points as near as 4 mm to the end of the tracks can be obtained in hydrogen 
at normal pressure. I t  was found possible to approach a little closer to the 
end of the range by averaging tracks obtained in hydrogen at reduced pressure 
(final pressure 20 cm). The points obtained from these tracks are marked 
as circles; they are irregular because the averaging is done on a small number 
of tracks. The decrease of ejv at the end of the track is well seen.

Fig. 4. Emergent range in hydrogen at 760 mm and 15°C.

The ejv values on Pig. 4 are transferred to Fig. 3 by taking the range of an 
a-particle in hydrogen as four times as long as in air. This curve obtained in 
this way is plotted as a broken line, and joins on well to that obtained in 
air if we do not take into account the last point on the curve of Fig. 3. This 
point is uncertain owing to the natural curvature, which at the end of the 
range becomes very large and cannot be fully eliminated by averaging.

I t  is seen in Fig. 4 that e/v shows a flat maximum between the ranges 
S and 17 mm in hydrogen. Rutherford*5, points out that the calculated values

* This has been illustrated by Rutherford by focusing the a-particles in a fine beam 
by introducing gas into his apparatus.
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of ejv for the velocity ranging between 0-37 and 0-23 V0 are fairly constant. 
We see this well in Fig. 4 for a-particle of ranges between 7 and 17 mm in 
hydrogen. The velocity varies in this part from 0*23 to 0-37 V0. The maximum 
value of ejv obtained from our curve is 5-50, the value from Rutherford’s data 
ranges from 4-83 to 5-43. The agreement is quite good.

8. T h e  D e t e r m i n a t i o n  of t h e  V e l o c i t y - c u r v e  at t he
E nd  of t h e  R a n g e

From the curves of Figs. 3 and 4, where the ratio ejv is plotted as a function 
of the emerging range, the velocity of an a-particle as a function of range 
can be obtained if it is known how the average charge of an a-particle varies 
with the velocity. We adopt the following notation:

(1) for a doubly charged a-particle
A2 =  the mean free path for capture of an electron5

(2) for a singly charged a-particle
Af =  the mean free path for loss of an electron.
Af =  the mean free path for capture of an electron.

(3) for a neutral a-particle
A0 =  the mean free path for loss of an electron.

Further, let us take a beam of a-rays with N 2 doubly charged, N 1 singly 
charged, and N 0 neutral particles, and let the a-particles be in dynamical 
equilibrium. This means that in a distance da; the number N 2. da;/A2 of 
doubly charged particles converted into singles must be equal to the number 
of singly charged converted into doubles. Out of the N 1 singly charged 
particles only a fraction N x Af (Af +  Af) of a-rays will be converted into 
doubly charged particles, and the total number of them so converted in a 
distance da; will be

Ni
a?

A f
A f + A f

da;.

From the condition of equilibrium we have

-^2 _  A2 / Ag \
n x ~ Af Us+Afr

In the same way the condition of equilibrium between singles and neutrals 
will give us :

N0 A p  /  A f
n ± a; I a; +  a* (3)

The average charge of the beam of a-rays will be, if we express the charge 
as before by taking the charge of an electron as unit,

2 N 2 +  N x 
N 2 +  N x +  N 0 ’

e = (4)
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and from relations 2 and 3 we obtain:

2A2 +  Af (1 + m . p
a 2 +  ; . ? ( i  +  m i )  +  > .o (m i )2

(5)

Evidently this will be also the average charge of a single a-particle provided 
the conversions occur sufficiently often. Rutherford has shown5 that this is 
the case.

For calculating ejv exactly, we have to know A2/A5; Af/A? and A?/A0 as func
tion of the velocity. The full data for all velocities are not available, but from 
Rutherford’s experiments and the theory given by Fowler7 we can make a 
fair estimate of ejv for certain ranges of velocity.

Let us start with the higher velocities above 0-25 F0. Rutherford observed 
that down to this velocity the number of neutrals is small, and the most 
brilliant scintillation in the undeflected band on the screen corresponded to 
particles of a velocity probably not higher than 0-25 F0. Thus, above 0-25 F0 
we neglect, in calculating the average charge, the neutral state of a-particles, 
and instead of (5) we get the same expression as Rutherford5, namely, taking
m °i =  o,

e 2A2 +
a. +  a? ( 6 )

This approximation can be verified from other considerations. Rutherford 
observed that the mean free path A0 for loss of an electron by a neutral a-particle 
is about 0-001 mm. This value cannot be very accurately determined, as 
the velocity of the neutral a-particle can only be determined by the bright
ness of the scintillation produced. Rutherford estimates this velocity to be 
about 0-25 F0. But as A0 varies inversely as the first power of the velocity this 
value of the mean free path is probably of the right order.

From A0 we can obtain A? by the expression suggested by Rutherford5

^  =  ( V
A0 \ 0-16/ ‘

If A? is calculated and Â is taken from Rutherford’s experimental data, 
then Ai/A.? can be obtained. We find that, for velocities 0-27 F0, 0-25 F0, 
Ai/A® is equal to 0-025 : 0-036 respectively. From these data the average charge 
calculated from (5) gives for the velocities 0-27 F0, and 0-25 F0 the charges e, 
1-39 and 1-32 respectively, instead of 1-4 and 1-33 calculated from (6) bj- 
neglecting the neutrals. The difference is very small.

The values for ejv as a function of velocity obtained from Rutherford’s 
data down to 0-25 F0 are compared with those obtained in this experiment 
as a function of the range.

The results so obtained arc plotted in Fig. 5 as a continuous line.
In order to go below the velocity 0-25 F0 we have to rely on theoretical 

considerations. From Fowler’s theory7 we see that, when the velocity of an 
a-particle drops so low that energy of an electron moving with this velocity 
is not sufficient to ionise the a-particle, no losses of electrons should occur.
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Thus theoretically an a-particle moving with a velocity lower than 0-23 V0 
cannot be in a doubly charged state and a-particles moving with a velocity 
lower than 0155 F0 can only be neutral.

This is probably not strictly accurate since simplifying assumptions are 
made in the theory, but at any rate we should expect that between the ranges 
of 0-23-0-15, the a-particle moves in a neutral or singly charged state. The 
expression (5) for this range of velocitv takes the form (if we put ?. =  0 and
*i =  °°) ' i

c “  i +  M K ) ' (8)

Fig. o. Emergent range in air at 760 mm and 15°C.
1: Kapitza; 2: Kapitza heating effect;
3: Marsden and Taylor, and cubic law curves 
4: Blackett.

If we again take for calculation the expression (7) we obtain for the velocities 
0-20 V0; 0-18 V0; 0-16 V0, the values of e: 0-73; 0-63; 0-50, respectively. 
From these data three points are obtained, and are drawn as circles on Fig. 5. 
These three points give the velocity in hydrogen, assuming the range in hydro
gen to be four times that in air. This assumption is certainly rather arbitrary, 
since it has not been verified at the end of the range. Taking into account all 
the approximations made in the deduction and the uncertainty in the last part 
of the ejv curve, the three points must be taken as giving only a rough esti
mate of the actual velocity.

9. D i s c u s s i o n  of tiie R e s u l t s

We shall now compare the present results of this investigation with the 
previous experiments on a-particles. 1 hoped that by studying the curvature 
of single a-particle tracks in a magnetic field, it would be possible to compare 
the effects produced by individual a-particles in passing through matter.
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Wc know that thca-particles emitted from a source of radio-active substances 
have the same initial velocity. But after traversing a considerable thickness 
of gas the beam of a-particlcs becomes inhomogeneous in velocity and the 
ranges of the a-particles are not equal (the phenomenon of straggling). At 
present there exists no satisfactory explanation of this, since each a-particle 
on its way through the gas ionises so many atoms that the statistical departure 
due to this cause is not sufficient to explain the straggling. In the beginning 
of this research I hoped that the observed difference in the curvature of diffe
rent tracks might be connected with the phenomenon of straggling, but, as was 
shown in one of the previous paragraphs, the superposition of the natural 
on the magnetic curvature will account fairly well for the observed facts.

The slightly larger differences in the curvature observed in hydrogen from 
those to be expected from the natural curvature may be due to some difference 
in the behaviours of individual a-particles, since such a difference in a-particles 
might be perhaps expected from the phenomenon of straggling. But on the 
other hand, the differences in curvature do not lie much outside the limits of 
error, and so this cannot be taken as a proof that this difference in a-particlcs 
exists. Only by using stronger magnetic fields can this point be finally settled.

The velocity curve obtained in this experiment, up to a point 4-5 mm from 
the end of the range, is based on the measurement of ejv from tracks in air. 
Closer to the end of the range the value of e/v is taken from the tracks obtained 
in hydrogen. I  have already pointed out that it may be quite arbitrary to 
combine the curves for air and hydrogen as is done in Pig. 2. Thus only up to 
a distance of 4-5 mm from the end of the track can the velocity curve be consi
dered to be obtained without any arbitrary assumption.

Comparing our results with those obtained by Marsden and Taylor8, we 
find an agreement in the region between 20 and 16 mm from the end of the 
range. Nearer the end of the range, the results obtained in the present experi
ments give smaller values. This can be seen on Fig. 5, where Marsden and 
Taylor’s curve is plotted as a broken line.

The discrepancy is probably due to the fact that Marsden and Taylor 
measured the ranges of the a-particlcs from the source towards the end of the 
track, and probably only the swiftest a-particles which produced bright 
scintillations were observed. The differences in individual a-particles are so 
large that even at the end of the average range a-particlcs with a velocity of 
0-415 V0 were observed. Thus Marsden and Taylor’s curve gives the speed 
of selected a-particlcs in the beam which happened to lose their velocity slowly. 
In the present experiments all distances were measured by making the ends 
of the range coincide, and since among thesea-particlcs there may be some which 
lose their velocity more rapidly than others, the average velocity curve should 
be lower than that of Marsden and Taylor.

In  a previous experiment, the author9 obtained the velocity curve for 
a-particlcs by the heating effect produced by an a-ray beam at different parts 
of its range. In this experiment the average velocity of all a-particles is taken 
into account. The curve is plotted as a broken line in Fig. 5. The results agree 
well with those obtained in these experiments up to a distance of 5 mm from
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the end of the range. This agreement probably indicates that the difference 
between (X-particles, which is observed in straggling, is not sufficiently large to 
produce a marked difference in the two curves. Wc might, however, expect 
some difference, because, in this experiment, we measured the average velocity 
by making the ends of the tracks coincide, and in the other experiment on 
the heating effect wc took a beam of <x-particles of initial uniform velocity from 
the source.

Blackett10 has recently measured the velocities of thea-particles over the end 
part of the range by studying the frequency of the bends occurring on the 
a-ray tracks. His estimate of the range of the a-particles is made from the 
end of the range, as in our experiment, and we should expect the measurements 
to agree; but it is seen from Blackett’s curve (plotted in Fig. 5) that it gives 
lower velocities than ours. However, it looks as though, in the last 4 mm of 
the range, our curve and Blackett’s might gradually converge if points were 
available here.

The last three points, calculated from theoretical considerations and plotted 
as circles, are higher than Blackett’s, but, as was mentioned, we cannot rely 
very much on them, and Blackett’s values at the end of the range are probably 
the more accurate.

These experiments were carried out with the continuous assistance of 
Mr. E. J. Laurmann, to whom I wish to express my thanks. I  would like also 
to thank Prof. Rutherford for his constant interest in this work and for valuable 
discussion of several points concerning this experiment.

To Mr. H. W. B. Skinner I  am indebted for help in correcting the draft of 
this paper.
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13. THE ZEEMAN EFFECT IN STRONG 
MAGNETIC FIELDS* (A)

In  a recent paper1, one of ns has given an account of a method for the produc
tion of intense magnetic fields, with the limitation, however, that the field 
only lasts for a time of the order of l/100th sec. We are now investigation the 
Zeeman effect in these intense fields. These fields allow the use of a quartz 
spectrograph in place of the usual large concave grating or interferometer, etc.

For the source of light, we have been using a spark produced in a special 
way from a large high tension condenser battery, and the intensity is sufficient 
for one spark to produce a spectrum photograph, while most of the emission lines 
remain quite sharp. The spark takes place in a coil of 5 mm internal diameter 
in which the field is produced, and the spark and the current in the coil are 
timed to occur together.

We have so far investigated mainly the “ longitudinal” Zeeman effect 
(observation in the direction of the lines of force) in fields of about 130,000 gauss 
as being technically easier than the “ transverse” effect. The accompanying 
photograph (Plate 3, p. 120), enlarged from the original six times, shows one of 
the results. The lines are the first members of the principal series of doublets of 
ionised calcium (Ca II) and of the sharp series of doublets of aluminium. I t  is 
feared, however, that the latter may not show clearly in the reproduction, 
though they are quite obvious in the original. The magnetic separation is 
about 3 A.

Generally speaking, the results so far obtained on lines of various elements 
indicate that the magnetic splitting is, except for the larger scale, identical 
with that obtained in ordinary cases. We have, however, observed some inter
esting cases of the Paschen-Back effect, partial and complete. We may mention 
in particular the case of the Be group 2650, given by Paschen-Gotze as the 
p, p' group of Be, and as consisting of six extremely close lines. We have found 
that this group taken as a whole shows the normal Zeeman effect.

We have observed some interesting cases of lines appearing strongly in the 
spectrum taken in the field which do not appear in the comparison spectrum, 
and other cases of lines disappearing in the field. A further effect observed is 
that the lines produced in the field arc shifted towards the red by varying 
amounts. I t  is possible that this is a kind of pressure effect, due to the produc
tion of the spark in the field, and to investigate the matter further, and for 
other reasons, we hope shortly to deal with absorption spectra. We have also 
a project for the production of still higher fields (probably up to 250,000 gauss)

* P. L. Kapitza and H. W. 13. Skinnkr, Tlic Zeeman effect in strong magnetic fields. 
Nature, 114, 273 (1924).
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by cooling the coil with liquid air in order to be able to use more turns in a 
coil of given resistance.

R e f e r e n c e s
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14. THE ZEEMAN EFFECT IN STRONG 
MAGNETIC FIELDS* (B)

(1) A method of using the transient magnetic fields (up to 130,000 gauss) 
produced by accumulator discharges through a coil, which have been 
described previously by one of us, for the study of the Zeeman effect is 
given. The method of measuring the fields is also described.

(2) The method involves photographing a spectrum with an exposure of 
not more than 1/300 sec, and a means for doing this, using a high dispersion 
quartz spectrograph, is also given. It consists of a special application of a 
large condenser battery to give a single localised spark.

(3) The method used to time the spark with the moment of the occurrence 
of the field is described.

(4) The results of photometric measurement of the Zeeman separations 
indicate that the splitting is approximately what would be expected from the 
usual experiments on the Zeeman effect, if the Zeeman separations are propor
tional to the field strength. But with the triplet p -s  combinations of Zn and 
Hg, evidence is given that the splitting is not strictly proportional to the 
field strength between fields of 70,000 and 130,000 gauss. The splitting is 
10 per cent greater than would be expected in a field of 130,000 gauss. The 
splitting of the s -p  combinations in doublet and singlet spectra seems to be 
normal. A suggestion for a possible interpretation of these facts is given.

(5) Some observed cases of the Paschen-Back effect are discussed.

1. I n t r o d u c t io n

ITom the time of Zeeman’s discovery, the Zeeman effect has been the subject 
of a large amount of work, but hitherto experiments have been limited by 
the fields obtainable with an electromagnet. I t is known that the strongest 
field which can be obtained with the largest practicable electromagnet is about
80,000 gauss. On account of the necessity in Zeeman effect experiments for 
uniformity of the field over a considerable volume, no experiments seem to 
have been performed in fields stronger than 40,000 or 50,000 gauss.

In a recent paper1 a method has been described by which considerably 
stronger fields may be produced. The general principle is to obtain the field 
by passing a large current through a coil (without iron) for a very short time, 
so that the coil has no time to heat up. The current is produced by short- 
circuiting a specially constructed accumulator battery through the coil, and in 
this way it is possible to use a power of 1000 1-cW. A field of strength up to 
500kG may be obtained in a very small volume; but for the study of the Zeeman 
effect it has only been found possible to use fields of strength up to 130,000

* P. L. Kapitza and H. W. B. Skinner, The Zeeman effect in strong magnetic fields, 
Proc. Roy. Soc., A109, 224 (1925).
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gauss,* since we must have the licld uniform over a reasonable volume in which 
to place our source of light.

Since the duration of the held is only about 1/300 sec, and fields are not 
accurately repeatable, the method of performing the experiments on the 
Zeeman effect must be carried out in a different way from that ordinarily used. 
The source of light must be such as to produce a fully exposed spectrum in 
1/300 sec. For the source of light we have used a spark from a large condenser 
battery, and owing to its large luminosity a quartz spectrograph was employed. 
This, on account of the strength of the fields, gave sufficient resolving power 
for observation of the Zeeman effect. Further, it is essential to produce the 
spark at the moment when the held reaches its constant maximum value, and 
for this purpose special timing arrangements must be used.

We shall not enter into the details of the production of the held, for they are 
described in the papers quoted. The discussion of the details of the spark 
will be given in a subsequent section.

2. G e n e r a l  D e s c r i p t i o n  of A p p a r a t u s

The general arrangement of the apparatus is shown in Fig. 1. The accumu
lator battery (1), the main switch (2) and the oscillograph arrangement (3) 
are the same as described in the previously quoted papers. At the time of 
the present experiments the accumulators were showing signs of wear, and 
gave less power than previously. The magnet coil (C) was specially made for

i n
Fig. 1

* A preliminary note on these experiments on the Zeeman effect in strong magnetic 
fields was given in a letter to N atu re .2
.1*
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this experiment and will be described later. The main switch (2) suddenly 
connects the coil for 1/100 sec to the battery, and a current of about 3000 
amperes passes. The same switch in falling operates, by means of a Bowden 
cable and trigger release, an oil-immersed high-tension switch (4) which dis
charges the condensers (5), so producing the spark within the magnet coil. 
The condensers* are of Moscicki type and have a capacity of 1/10 microfarad. 
They were charged to about 30,000 volts by means of an induction coil rectified 
by a Kenotron valve (6), water resistances (7) being interposed to avoid 
oscillations and consequent over-tension during charging. The condensers were 
not used to produce the spark directly, but were discharged through a coil (8), 
coupled to a coil of fewer turns (9), in such a way as to make a transformer. 
The terminals of coil (9) were connected to the spark gap, inside the magnet 
coil. This transformer arrangement was convenient for several reasons. In 
the first place, the high-tension leads are kept away from the magnet coil. 
Secondly, the transformer stepped down the voltage considerably, thus pro
ducing a more localized and brighter spark. And further, by altering the number 
of turns of coil (8) and the coupling of transformer, the intensity and duration of 
the spark was subject to control. The necessity for this will be discussed in 
section 3.

In order to time the moment of production of the spark with the occurrence 
of the field, a small auto-transformer (10) was placed in the condenser discharge 
circuit. In the secondary of this a small spark gap is placed, and a spark 
from this throws a beam of light on to the falling plate of the oscillograph on 
which the current is recorded. Since this small spark occurs simultaneously 
with the main spark, the oscillogram shows at once whether or not the timing 
is correct. (An example of an oscillogram is shown on Plate 4,p. 120.) Adjustment 
of the timing could be made by a screw-control of the trigger release of the 
high-tension switch (4).

In performing the experiment, the condensers are first charged. The release of 
the main switch (2) produces the field, and operates the spark, thus photo
graphing the spectrum. The main switch is released by the falling plate of the 
oscillograph, which records the current in the coil. Thus the whole experiment 
is operated by the release of the falling plate.

3. T h e  S p a r k  a n d  t h e  Coil

The circuit as described in section 2 gave a spark -with a frequency of 1500 per 
sec, and the damping was such that about five full periods were observed. 
Thus the length of time during which the spark lasted was about 1/300 sec. 
The frequency and duration of the spark were measured in a separate experi
ment by photographing it on a moving film. When all the coils arc in action 
the breaking voltage of the spark is about 1000-2000 volts, and the current, 
as estimated from the measured frequency of oscillation, of the order of 
1000 amperes.

* VVe are much indebted to the Marconi Company for the loan of these condensers.
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Wc have worked with an air spark. I t  would probably be better, from the 
point of view of sharpness of the spectrum, to use a high-vacuum spark. The 
smallness of the region in which the magnetic field is produced, however, makes 
this technically very difficult.

I t  has been found to be advantageous to increase the duration of the spark to 
as great a value as possible in order to obtain sharp lines in the spectrum. 
From the point of view of the intensity of the spectrum it does not matter 
whether the circuit is adjusted so that the spark lasts 1/1000 sec or 1/300 sec. 
When the spark is not enclosed in the coil in which the field is produced, it 
makes no appreciable difference to the sharpness of the fines either. But when 
the spark is enclosed in the small volume within the magnet coil, in which 
the magnetic field is uniform, a marked improvement is produced in the 
spectrum obtained, the longer the duration of the spark.

This is what would be expected on the probable assumption that it is the 
pressure effect, and not any intrinsic effect of the large current, or high voltage, 
to which the broadening of the lines is due. A high pressure arises in the 
kernel of the spark, especially when this is formed in an enclosed space. Before 
this pressure has time to release itself the spark is over, and the spectrum 
obtained is the spectrum of materials under a high pressure. An increase in the 
time of duration of the spark naturally minimises this effect.

This shows that in order to obtain sharp fines it is necessary, besides increas
ing to a maximum the duration of the spark, to provide as large an outlet as 
possible for the vapour to be formed. The breadth of the fine obtained on a 
photographic plate is in favourable circumstances about 0-5 A.

This brings us to the consideration of the actual arrangements used for the 
production of the spark. Two arrangements could be used for the production 
of a low-tension spark.

(1) A wire of suitable size connected between the electrodes which is blown 
by the current.

(2) Two electrodes very near together or even touching.
The latter was found to be better; it is more convenient to work, and the 
blowing wire tends to produce too much vapour. The choice of electrodes is a 
matter of some importance. Thick electrodes tend to produce too weak a 
spark, because too little vapour is produced. We found the use of a pointed 
metal strip about 1 /5 mm in thickness the most satisfactory.

The strip was placed in the arrangement shown in Fig. 2. The two strips 
are separated by an ebonite plug P, which slips into an ebonite tube Q. The 
spark occurs at S, between the two pieces of strip. Where they project from 
the plug the strips are cut down to about \  mm in breadth, and are bent over 
so as just to touch one another. The spark causes the evaporation of these 
projecting pieces.

In Fig. 2 is shown the coil used for the investigation of the longitudinal effect 
with the sparking arrangements in position.

At the other end of the coil a quartz window W is introduced as shown. 
This is a small disk of quartz 2\  mm in diameter, and its function is to keep 
the part of the spark which is used in forming the spectrum within the uniform
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part of the field. Round the window and round the sparking arrangement the 
vapour can escape into the atmosphere through the holes 0.

For the transverse effect the coil used was similar, except that it was 
necessary to have a gap to allow the light to pass out perpendicular to the 
lines of force. This gaj) also served for the escape of the vapour.

The magnet coil was wound of 00 turns of copper strip with silk and shellac 
insulation. Its construction was calculated in the way described in the papers 
previously referred to. The coil could be made smaller in size in our case, 
since a rise in temperature to about 120° did not matter. Also the coil was 
wound with strip whose cross-section increased outwards from the centre in

steps. Owing to these two factors the coil was rather more efficient than 
those described previously.

An attempt was made to increase the efficiency of the coil still further by 
cooling the coil in liquid air before allowing the current from the accumulator 
battery to pass through it. In this way it was hoped to obtain fields of about
250,000 gauss, instead of the maximum of 130,000 gauss which we could 
obtain with a coil of atmospheric temperature. Such fields were obtained; 
but it was found impossible to use them. The difficulty is that when the current 
begins to pass the coil is heated up, and the gases absorbed at liquid air tem
perature are liberated suddenly. This causes a violent wind which invariably 
blows out the spark used as the source of light.

With the sparking arrangements described above, we have not had much 
trouble through the sparks being blown out by the magnetic field. At the 
moment of sparking, the force on the projecting ends at S  is large, and they 
straighten themselves out parallel to the plug. But the spark gap is already 
broken and the spark still continues provided the thickness of the plug is not 
too large. I t  has actually been found that if this is the case, a spark of brief 
duration is the result, and if the electrodes are examined afterwards they arc 
seen to be aligned parallel to the plug.
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For the material of the electrodes, we have used the metals copper, aluminium, 
zinc, and magnesium. The spectra of the elements are obtained in some 
cases as emission and in others as absorption lines; but there are also usually 
lines due to impurities. The strongest of these impurity spectra are the spark 
spectra of magnesium and calcium. The lines of these spectra are sharp, and 
we have worked considerably Avith them. For example, the 1st Principal 
Doublet of Mg II, as obtained with Mg electrodes, is heavily reversed and 
rather broad. With electrodes of “ pure” copper fine sharp emission lines 
are obtained. The 1st Principal Singlet of Mg I  A\dth Mg electrodes is extremely 
broadened; Avith Cu electrodes, again, it is frequently found cither as a sharp 
absorption or sharp emission line according to circumstances.

Some of the electrode lines, however, Avere sharp enough for use. If electrode 
lines are required they may be obtained sharply at the sacrifice of the Aveaker 
‘"impurity” lines.

The fact that the impurity lines are sharp suggests that sharp lines will also 
be obtained if impurities are added. This was easily done by putting a little 
of a salt of the clement required, in the form of the solution, on the electrodes. 
The function of the electrodes may thus be simply to hold the elements re
quired. BetAveen 5000 and 3000 A zinc is the best electrode to use, since it 
sIioavs very few lines and no continuous spectrum. B cIoav 3000 A aluminium is 
the best, but it has the disadvantage of entering into chemical combination 
Avith quartz and of so spoiling the surface of the quartz Avindow that a fresh 
one is required every time. For this reason copper was generally employed in 
this region.

In this Avay most of the first lines of the spectral series can be obtained 
Avith sufficient intensity in one flash. The second lines of the series are too 
faint to work Avith, since only a single flash can be given in the magnetic 
field. Since the exposure possible is limited, the use of a spectrograph Avhich 
will pass a large amount of light is essential. We are much indebted to Prof. 
A. Fowler for advising us, in the initial stages of the experiments, as to the 
kind of spectrograph Avhich would be best suited for the work. A fairly high 
dispersion and large luminosity are the main essentials. We have used a 
Hilger Ej quartz prism spectrograph. This can be used as far into the ultra
violet as 2000 A. Its dispersion varies from 17 A to the mm at 5000 A to
2-5 A to the mm at 2400 A.

The use of the faster photographic plates is necessary, and we have used 
the Ilford Iso-Zenith plate (H and D 700), Avhich is sensitive from 2400 to 
5100 A, and has proved satisfactory.

The spectrograph Avas used without condensing lens. OAving to the small 
size of the quartz Avindow it was found that the use of a condensing lens did 
not improve the sharpness of the spectrum, and the adjustments were more 
easily made without it. The source Avas so placed that the prism of the spectro
graph was filled with light.

The magnet coil was rigidly supported on a table, the height of AA’hich could 
be adjusted, in front of the slit of the spectrograph. The alignment of the 
hole in the magnet coil on the slit of the spectrograph was performed by
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removing the spark plug P  (Fig. 2) from the coil, and shining an arc. kept in 
a standard position at a distance through the coil, on to the slit.

Three spectra were usually taken on the same plate—a comparison spectrum, 
taken without any magnetic field, in the centre, and two spectra in the magnetic 
field near it on either side.

4. T he Me a s u r e m e n t  of t he  S e p a r a t i o n s  a n d  of t he
F i e l d  S t r e n g t h

The measurement of the Zeeman separations was originally carried out 
usually using a Hilger comparator. The measurements, however, left some
thing to be desired for consistency. Measurements could not be repeated 
very accurately, so that the limits of error were rather high.

We therefore carried out a series of photometric measurements of the plates, 
using a photometer similar to those designed by Koch3 and Dobson4. The 
instrument is not a recording photometer and, for the present purpose, it was 
sufficient to take readings on the electrometer scale, the plate being usually 
moved through 1/200 mm between readings. A slit of 1/50 mm was used, since 
a narrower slit only served to bring out kinks due to the grain of the emulsion. 
In this way a photometer curve was drawn for the doublet whose separation 
was required, and the doublet separation was found as the distance between 
the maxima. The separation of the Zeeman doublets, namely from 0-15 to 
0-3 mm, could be obtained in the case of the best lines to within about 0-005 mm 
and the error could be estimated from the shape of the peaks. I t  was found 
that separation of a given doublet could be repeated to within this order of 
accuracy. One of the photometer curves, namely of the Hg line 4047 in a 
field of 106,000 gauss, is reproduced as an illustration in Fig. 3.

Actually, the accuracy with which the doublets could be measured varied 
considerably in different cases; so in all the measurements which are to be 
given it has been necessary to state the probable errors of measurement.
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The photometric measurements were found to be far more satisfactory than 
the visual measurements. On the whole, the photometric measurements give 
slightly less values for the separations than the visual measurements. I t  might 
perhaps be expected that the tendency of the photometric measurements 
will be to underestimate the doublet separations owing to the lack of complete 
separation of the components. This will tend to bring the maxima, between 
which measurements arc made, nearer together. In most cases, however, the 
separation was sufficiently complete for this difference to be small. I t is, on 
the other hand, difficult to say what effect the lack of separation will have 
on the visual measurements, since one’s visual idea of a doublet docs not seem 
to correspond very closely with the photometric curves. For this reason also 
the photometric measurements arc to be preferred, and it is these measure
ments which are given when there is any question of numerical agreement.

In order to determine the field, the current which passed through the magnet 
coil in any actual experiment was measured from the oscillogram (an example 
of which is given in Plate 4). The oscillograms also showed that during the 
time of the spark, the current in the coil did not vary from its mean value by 
more than \  per cent. To deduce the field a knowledge of the magnetic constant 
of the field is required, and this was determined in the following way. A small 
single-layer solenoid was wound on a glass tube, ground to a cylindrical shape 
with an accuracy of 0-005 mm. Its diameter was 2-325 mm and its length about 
10 cm. This was suspended on a balance, and hung axially through the magnet 
coil. The magnetic constant was deduced from a determination of the force 
exerted on the solenoid when known steady currents are passed through the 
solenoid and the magnet coil. The total estimated error in the field determina
tion is about 1 per cent, which was sufficient for the present experiments.

5. G e n e r a l  D e s c r i p t i o n  of R e s u l t s

Some six-times enlarged examples of portions of our spectra are given in 
Plates 5-7. In these, dark lines indicate emission lines.

The total separations in a field of 120,000 gauss range mostly from 0-3 mm 
to 0-15 mm on the original plates, according to the wavelength of the line 
involved and its particular splitting. The maximum separation in wave
length observed is 5-8 A in the case of the Zn line X 4680.

For the most part, the lines in the longitudinal effect appear in the field as 
split into two components. Sometimes the sharpness of the components is 
equal to that of the unaffected line, showing that a simple type of splitting is 
taking place; but sometimes it is not. This indicates that there are two or 
more components inseparable with the resolving power available. In indivi
dual cases separations into four lines in the longitudinal effect have been 
observed.

In some cases the Zeeman splitting, as seen from the plates, appears not to 
occur exactly about the position of the unaffected line. A slight shift to the 
red is sometimes observed. The shift is, however, not regular in magnitude 
when the conditions are repeated, and for this reason it appears to be of
CPK 5 a
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secondary origin. Probably it is a pressure shift due to the action of the 
magnetic field in affecting the geometrical character of the spark. This explana
tion is supported by the fact that the shifts were found when using sparks of 
short duration (1/1000 sec) as the source of light. When the duration of the 
spark was increased to the maximum possible value (1/300 sec) they no longer 
appeared.

We have observed some cases of the appearance of lines in the field which 
are faint, or absent when there is no field. The lines in question are, however, 
lines whose series relationships are at present unknown. I t  is possible that 
these cases are examples of the effect found by Paschen and Back on the appear
ance of “ forbidden” components in a magnetic field.

In what follows we shall be concerned exclusively with fines of a simple 
spectral type, since these afford the best material for a test of the extension 
of the ordinary observed relationships of the Zeeman effect in fields of strength 
up to 130,000 gauss.

6. R e s u l t s

We first consider results on the longitudinal Zeeman effect of fines for which 
the occurrence of the Paschen-Back effect is not evident. The most accurately 
measurable of these lines are those which show a simple type of splitting into 
two components only in the longitudinal effect. Such fines are Singlets which 
have been found in fields such as are ordinarily used for the investigation of 
the Zeeman effect to show a normal Zeeman effect; the s-p2 components of 
Principal or Sharp Doublets, which have been found to show a splitting three 
times the normal splitting; and the s-p3 components of Principal or Sharp 
Triplets, which show a twice-normal splitting. Of these, the larger separation 
found in the case of the triplet fines makes the measurements more accurate, 
and we shall discuss these first. Our method of analysis is to calculate a value 
for the estimated field from each measured Zeeman separation by assuming the 
splitting factor found in fields of ordinary magnitude, and to compare the 
Estimated Field with the Measured Field.

In Table 1 are given the results in the case of the s-p3 components of the 
sharp triplets of Zn and Hg, X 4680 and 4047. The corresponding magnetic 
fields are arranged in descending order of magnitude. Examples of the splitting 
of these fines are given in Plates 5-7.

I t  is seen immediately that, roughly, the assumed splitting factor (namely,
2-0) for the lines is correct. However, in the higher fields the splitting appears 
to be distinctly greater than is given by this factor. The result in the highest 
fields is 10 per cent greater, and this is outside the limits of error of the experi
ments. In the loAver fields (though unfortunately the errors are here greater 
owing to the smaller separation of the components) the splitting agrees with 
the theoretical value; and, moreover, the occurrence seems to be high enough to 
exclude a value 10 per cent, such as we find in the case of the strongest fields. 
Hence we conclude that between the field strengths 70,000 and 130,000 gauss 
the separation is not a linear function of the field strength, but increases more 
rapidly than the field strength.
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We shall leave the discussion of this point for the moment, and turn to con
sider the case of the Doublet and Singlet lines, which are given in Tables 2 
and 3.

T a b l e  1. Triplet Lines (p3-s)

Spectrum
No. Element A

Estimated 
Field (kG)

Measured 
Field (kG)

Excess of 
estimate 

over 
measured 

field, 
per cent

Total 
probable 

error, 
per cent

57 Zn 4680 140-7 ±  2 127-5 db 1 10-6 2-3
58 Zn 4680 140-0 ±  2 126-8 ±  1 10-4 2-3

112 Zn 4680 115-0 ±  2 106-1 ±  1 8-4 2-8
112 Hg 4047 115-0 ±  1-5 106-1 ±  1 8-4 2-4
116 Zn 4680 109-9 ±  5 103-8 ±  1 5-9 7-8
116 Hg 4047 107-7 ±  3 103-8 ±  1 3-8 3-9
124 Hg 4047 88-0 ±  5 89-6 ±  1 -  1-8 6-7
123 Zn 4680 89-9 ±  3 88-0 db 1 2-2 4-6
110 Zn 4680 73-6 ±  4 76-3 db 1 -  3-7 6-6
120 Zn 4680 67-8 ±  3 68-4 ±  1 -  1-0 5-7

T able  2. Doublets s-p..

Spectrum
No.

Element Estimated 
Field (kG)

Measured 
Field (kG)

57 Ca II 3968 127 db 10 127-5 ±  1
57 A1 I 3944 135 db 7 127-5 db 1
58 Ca II 3968 127 ± 7 126-8 ±  1
69 Mg II 2802 108 ± 5 110-5 ±  1

112 Ca II 3968 110 ± 2 106-1 db 1
112 Sr II 4215 112 db 5 106-1 db 1
85 Mg II 2802 102 ± 8 97-5 ±  1

123 Ca II 3968 80 ± 10 88-0 ±  1
123 Sr II 4215 83 db 5 S8-0 db 1

T a b l e  3. Singlets (S-P)

Spectrum ) Estimated Measured
No. Field (kG) Field

52 Mg 2852 122 ±  7 126-1 db 1
112 Ca 4227 109 ±  10 106-1 i  1

Here we see that an approximate agreement with the theoretical values is 
obtained for all field strengths up to 130,000 gauss. I t  will be seen, however, 
that, as is to be expected, the limits of error of measurement are greater in this 
case, and it is not possible to state that a high value of the splitting factor, such 
5 a*
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as we obtained in the case of the triplets, is definitely excluded. All that can 
be stated is that the measurements, as far as they go, show no signs of such 
an effect. The fact that, in a few cases, we have on the same plate both doublet 
lines, which seem to show approximately the splitting which might be expected, 
and triplet lines, whieh show the large splitting, gives further confidence in the 
reality of the anomalous effect on triplets, since it makes the results to some 
extent independent of the measurement of the field strength.

We have next to consider the case of the s-pl components of doublets and 
the s~p2 components of triplets. We have a measured case of the latter, which 
theoretically splits into components ±  1-5, ±2Zlrn. This is the line A 4357 of 
Hg. I t  shows no signs of the separation of the individual Zeeman components, 
only two components being seen. The estimated field, calculated on the basis 
of a splitting factor 1-75, is 113 ±  5 in a measured field of 106-1 kG, so that 
this line may possibly also show the high splitting characteristic of the s-p3 
components of the triplets.

In the doublets, the state of affairs is much more complicated. To the eye, 
the splitting appears to be simple, only two rather broadened Zeeman com
ponents being seen. The theoretical separation between individual components 
±  I ±  g is greater than in the case of the Hg line A 4357, and this greater 
separation shows itself in the appearance of slight double maxima in the 
photometric curves. These maxima are usually not at all sj'mmetrical in inten
sity, and are not sufficiently distinct to make useful measurement possible.

We now pass on to consider our results on the Transverse Zeeman Effect. 
I t should be stated at once that these are not very complete. Measurement 
is difficult owing to the number of the components. Also the necessary hole 
in the side of the magnet coil reduces its efficiency considerably, so that the 
highest field strength cannot be reached. The results are sufficient to show 
that extra components are being brought in in the Transverse Effect, and that 
the magnitude of the separations is roughly what would be expected. Further, 
a plate taken, using a Nicol prism to cut out, first, the _L components, then the 
|] components, showed qualitatively that, in the case of the doublet of Ca II, 
A 3933, 3968, the polarisations are also as would be expected.

Wc may further mention a few results obtained on the spectrum of A1II. 
In a letter to Nature5, Russell has given a series scheme of these singlets. We 
have observed the splitting of some of the lines he mentions. One of them 
is the line A 3900, which he gives as 3P-3D, and Avhich was found by Paschcn6 
to show the normal Zeeman effect. This wc have confirmed. Another line 
is A 3057. This is given by Russell as 3S-3p2, in which case it should show 
a 3/2 normal splitting. We have found that its splitting factor is decidedly 
higher, namely, about 1-8, instead of 1-5. Again, the line A 3050-1 given by 
Russell as 4PMS, should show a normal effect. I t  has a simple splitting 
with a factor of about 1-5, indicating probably that A 3050-1 and not A 3057 
is the combination line 3S-3p2.

The splitting of a considerable number of other lines has been observed, 
but the method at present gives hardly sufficient detailed information to serve 
as a guide in spectrum analysis, although it may serve as a chock.
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7. Ca s e s  of t h e  P a s c h e n - B ack E f f e c t

The method of strong fields may be expected to give examples of the Paschen- 
Back effect, and we now mention some of those observed.

(а) Ca I I  diffuse doublet, A 3159, 3179, 3181.
This case is shown in Plate 7. The line A 3181 docs not appear in the field 

though lines of equal strength can be seen. This is a case of an incompletcd 
partial Paschen-Back effect, the expected splitting in the field in question 
being comparable with the d-term separation.

(б) Mg pp' group, A 2783-0, 2781-5, 2779-8, 2778-3, 2776-8.
We are dealing here with six pp' combinations, two of which happen to 

coincide. There are therefore five lines observed. In weak fields, these lines 
all show a 3/2 normal splitting. In the longitudinal effect in a magnetic field 
of about 120,000 gauss, six components appear, and the positions of these arc 
susceptible to comparatively small changes in the field strength. The effect 
observed is probably an intermediate stage of the Paschen-Back effect.

(c) Be pp' group, A 2650-88, 2650-81, 2560-75, 2650-72, 2650-66, 2650-57.
This is a group consisting of six extremely close lines which are, of course, not 

separated with the resolving power available. In the field the group is found 
to split into two sharp components, while in the transverse effect the appearance 
of a central component is proved by the fact that merely a general broadening 
of the line is observed. Measurements give for the splitting factor in a field of 
110,500 gauss the value 0-98. Thus the splitting is normal, and we have a case 
of the complete Paschen-Back effect.

8. D i s c u s s i o n  oe R e s u l t s

We have seen that our experiments indicate that in fields of strength be
tween 70,000 and 130,000 gauss, the splitting factors of some of the lines seem 
to be only roughly the same as those obtained in fields of strength up to
40.000 gauss. In the case of the triplet p3-s  lines of Zn and Hg, there appears 
to be a systematic increase in the splitting factors as the field is increased from
70.000 to 130,000 gauss. Further, though the accuracy of the experiments is 
there less, no signs of this effect were obtained in the case of the doublet s-p2 
lines of Mg II, Ca II, Sr II  and Al, or in the singlet S-P combination of Mg I 
and Ca I.

The question at once arises whether this anomalous splitting can be due to 
a Paschen-Back effect. The fact that the splitting factors obtained for the 
Zn and Hg lines agree, however, makes this apparently impossible, since the 
multiplet splittings of the Ilg and Zn triplets in a new field arc in the ratio of 
about 10 to 1. Further, a comparison with known data shows that the separa
tions of the Zn and Hg triplets are too great for any such effect to be anticipated. 
Also, we arc indebted to Dr. W. Heisenberg for the remark that the p3-term 
does not split at all in a magnetic field. The splitting of the p3-s line is therefore 
controlled by the splitting of the 5-term, and this, being single, cannot show any
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Pascken-Back effect. For these reasons it would seem that the explanation of 
the effect as a Paschen-Back effect is excluded.

I t  seems unprofitable to speculate very deeply into the origin of the large 
splitting of the Zn and Hg lines at the present moment, because the range of 
field strength over which the effect has been observed is too small for a syste
matic study. Also, the theory of the Zeeman effect is at present largely formal. 
The following remarks may, however, be of some interest.

According to the formal analysis of Lande, the splitting of a term in a magne
tic field is determined by a precession frequency g°, where 0 n is the Larmor 
rotation frequency and g is a constant for a particular type of term. In order to 
interpret the observed effect we should have to suppose that either OjjIII or g 
is a function of H.

Taking the first alternative, the presence of the terms of the Larmor theorem, 
which depend on the square of 0H, would give an effect of the type observed, 
but calculation shows that these would not be expected to be appreciable in 
fields of less than 106 or 107 gauss.

If we suppose g to be a function of H, we must base considerations on the 
Zeeman effect model, consisting of a series electron and an atom core, -which are 
both subject to precessions in a magnetic field, and which, in addition, influence 
one another. Heisenberg7 has shown that with certain important assumptions, 
the correct ^-values may be obtained from this model. I t  would seem that 
the only loophole for an explanation of the observed effect is in the interaction 
term between the core and the series electron; this conceivably might depend 
on the field strength.

That this kind of explanation is perhaps the correct one is possibly supported 
by the fact that it is in the triplet spectra that the anomalous splitting in high 
fields is observed. In doublet spectra, we have to suppose that the core consists 
of closed groups. In triplet spectra, ho-wever, the core is alkali-like, and con
sists of a set of closed groups with one electron left over. In the former case 
the interaction of the core with the scries electron might be expected to be 
simple; but in the case of the triplets it is possible to suppose that the inter
action may be of a more detailed character.

The experiments have been performed with the continuous co-operation of 
Mr. E. J. Laurmann, to whom we wish to express our thanks. We should also 
like to express our gratitude to Prof. Sir Ernest Rutherford, for his constant 
interest in the work.
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15. OVER-TENSION IN A CONDENSER 
BATTERY DURING A SUDDEN DISCHARGE*

In  the recent experiments on the Zeeman effect in strong magnetic fields1 
made by Mr. H. W. B. Skinner and myself for obtaining an intense source of 
light for a small fraction of a second, we have been discharging a condenser 
battery consisting of 32 Leyden jars connected in parallel with a capacity of 
one-tenth of a microfarad. The discharge was made through a small spark 
gap by means of an oil-immersed switch (the details of this arrangement are to 
be found in the above-mentioned paper). When the discharge was produced, 
a curious phenomenon was sometimes observed. After the battery had been 
charged to its maximum tension, and the switch had been put into operation, 
only a small spark occurred in the spark gap, and the main part of the discharge 
went over the top of the insulators of one of the Leyden jars.

By taking the photograph of the spark on a film moving rapidly before a slit 
which was illuminated by the spark, it was possible to see the details of the 
phenomenon.

On Plates 8-10, p. 121 are shown three photographs taken with different self- 
inductions in series with the spark gap. On Plate 8 a normal discharge is seen in 
which no flash over the insulation occurs in the condenser battery. About 
20 full oscillations can be seen, after which the spark is extinguished. Plates 8-10 
represent the spark in the case when the discharge flashes over one of the con
densers. From these photographs it can be seen that in the case of Plate 9 
the spark is extinguished after the first half of the oscillation, as only one 
line is seen, and that in the case of Plate 10 it is extinguished after the full 
oscillation, as two lines are seen. This shows the very peculiar character of the 
over-tension occurring during a sudden discharge in a condenser battery. In 
this paper a short account of these phenomena will be given in which it will 
be shown how it is possible to account for these over-tensions, and how they 
can be avoided.

From general considerations it can be seen that during the discharge of a 
condenser battery, when the self-induction of the connecting leads together 
with the self-induction of the Leyden jars is of the same order as the self-induc
tion of the spark circuit, electrical oscillations can be set up between the Leyden 
jars which, being superimposed on the tension of the general discharge, may 
produce over-tension in separate Leyden jars.

Let us consider a large number of Leyden jars connected in series as shown 
in Fig. 1.

* P. L. Kapitza, Over-tension in a condenser battery during a sudden discharge, Proc. 
Camb. P h il.  Soc., 23, 144 (1926).
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Lot the capacity of each of the Leyden jars be c; the self-induction of the con
necting leads I; the current in the connecting leads of the Leyden jars in, in-i> 
and the tension of the Leyden jar e„. We then get a series of equations of the 
following type:

bi in- 1 ( 1 )

- 1 d/
( 2 )

The number of these equations is twice the number of the jars, and it is rather 
difficult to treat the system of these differential equations for a large number 
of Leyden jars, but with a quite sufficient approximation we can replace them

Lo

■J cn

with two partial differential equations. Taking the capacity and the self-induC' 
tion as equally distributed along the condenser battery we get

c = C dx 
I =  L d x  ’

i n  ~~ i n - 1  =  d i  > 

&n 1 1 de .

(3)

Taking the axis of coordinates along the battery as shown in Fig. 1, we obtain 
the equations

di  _ de
dx =  T T ’ 0±)

de di
d.r d£ (5)

Now to obtain a solution of these equations it is necessary to satisfy the follow
ing initial conditions: that when

I =  0,

(A) i =  0
(B) e =  e0

(0 ^  x ^  h)



Over-tension in  a Condenser  B attery 129

where e0 is the potential to which the battery is charged and h may be called 
the total length of our condenser battery. We must also satisfy the following 
conditions:

(C) at x =  0, i =  0
d i(D) at x  =  h, e =  L0 —j-y

(any) t ,

where L0 is the outside self-induction.
The most general solution for i and e in these equations can be shown to be 

of the following form:

where

i, e =  2j iA sinm x +  B  cosm x) sina m t 
+  (2F sinm x + B' cosm x) cosa m t

( 6 )

(7)

I t  is easily seen that in satisfying equations (4) and (5) and conditions (A) and 
(C), we obtain the following expressions for i and e:

i - sinm x sina m t , (8)
e = L a A  cosm x  cos a m t. (9)

The boundary condition (D) requires that
L  cosm h = L0m sinm h. (10)

This gives the value for m. If, for brevity, we put
Hm = m h , (11)

and
h L  

V =  j  .
A)

(12)

we obtain from (10) the following transcendental equation
y = tan/zTO, (13)

the roots of which determine the value of m. Introducing these roots in the 
general expressions for e and i we obtain

* =  2 A m sin sin , (14)

e = c i L ^ A  cos-—— cos.i—L . (In)h h

Now the coefficient A m will be determined from the initial condition (B). I t  
been shown by Poisson*2 that expansions in Fourier series with coefficients

* In this work Poisson treats a problem very similar to ours. He calculates the vibra tions 
of a load attached to a bar with an equally distributed mass. The problem dealt with in 
my case is very like that treated by Poisson, as the self-induction of the outside circuit 
is equivalent to the inertia of the load, and the distributed capacity and self-induction 
of the condensers correspond to the distributed mass and to the elasticity of the load.
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which are roots of transcendental equations such as (13) can be treated simi
la r^  to ordinary Fourier series.

We find
h

f * m x— e°  ̂ f  
~  L a  N m J

cos •
h

■da;, (16)

where

cos2 ium x
h

da;, (17)

and we obtain
4 _  4e0 sin^m
" m _  L a  2/am +  sin2,uf

(18)

The final solution in our case is therefore

e -
o

OO
Sln//W a_
+ sin2fim h xcost‘-‘ h t '

A. p 0*e0 v . sin M'.m a
1 =  2J t;--------- L-r1-r-----sm-^-ajs inu™— t.L a  2/jm +  sin2//m h r  h

(19)

( 20 )

Let us first consider the case when the outside self-induction L0 is very large. 
I t  is easily seen that y in equation (13) represents the ratio of the total internal 
self-induction hL  to the outside self-induction L0. When y  is very small we 
find that the roots of the equation are close to n n ,  where n is any positive 
integer from 0 to oo. In this case all the A’s vanish except A 0 = and if we 
take into consideration that the smallest root of the equation (13) is

we easily obtain from (19) and (20), taking into consideration (7),

e =  e0 cos t
V(C h L 0) ’

i x . t— qin - — —
h y(G h l 0) •

( 22)

(23)

If we remember that Ch is the total capacity of the battery, we see that with 
a large outside self-induction there are, in the normal way, no oscillations in 
the battery during the discharge, as e is independent of x, and the discharge 
is of the same type as would be obtained with a condenser of a capacity Ch, 
with an outside self-induction L. From (23) we see that the current i increases 
linearly along the battery.

If y be large, the tension along the condenser will not be equally distributed 
during the discharge, and from expression (19) we can easily see that the maxi-
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mum value of e will be at x =  0, the end of the condenser opposite to the end 
from which the current is taken, e in this place will equal

e =  e02
4 sin/fOT fa, a t

2 fan +  sin2/<m h
(24)

From the time t =  0 to the time t =  hfa the tension at this place is constant, 
as can at once be seen from the way in which we determine the coefficient A m , 
{16) and (17). Further on it decreases to zero and then increases again with oppo
site sign. In order to see what really happens Ave have to calculate the value of 
this sum for a longer time than I =  ajh and for different y’s. This is not difficult 
as it is quite sufficient to calculate four terms of this expression which approxi
mately converges as 1 /to2. If y =  1 we find that after the first half of the oscilla
tion the tension at x = 0 will be 1-28 of the initial one. If y  =  2, we find that 
after H  full oscillations the tension at the same place will be equal to 1-35 of the 
initial one. If y = 4 after ten full oscillations the tension at x =  0 will be 1-5G 
of the initial one. This shoAvs that Avith increasing y the over-tension Avill gra
dually increase, but the maximum will occur later. This explains the fact that 
sometimes the breaking doAvn of the condenser happens only after several half
oscillations. Calculating the terms in this series it is easily seen that the first 
two terms are the most important ones. At the beginning they have opposite 
signs, but after some time of oscillation they may have the same sign and maxi
mum amplitudes together. This moment will give the over-tension. If the first 
root of equation (13) is ju0, and the second f a , and the ratio fa/fa = k, then the 
over-tension will happen after n half-oscillations where n is defined by

k n n  — n n  = m n,  (25)

and m is any odd number. From this formula (25) we find that the ratio of the 
first and second roots of this equation has to be 4 in order to get the over-ten
sion after the first half-oscillation, 3£ to get it after the second half-oscillation, 
3§ to get it after the third oscillation and so on.

In these calculations we have not taken into consideration the damping of 
the oscillations due to the resistance in the circuit. This fact, indeed, makes it 
impossible for the over-tension to occur very late during the discharge, but for 
the first two or three cycles it is probably permissible to ignore the resistance, 
and this very much simplifies the analysis.

From the analysis it is also seen that in general the over-tension during the 
discharge of a condenser battery could easily be avoided if the sparking circuit 
was connected to different ends of the condenser battery, as is shoAvn by a dot
ted line on Fig. 1. In this case each Leyden jar when discharging has the same 
self-induction in each circuit, and when all the Leyden jars discharge with the 
same period, no oscillations between the jars can occur, as there is no difference 
of potential between them. This also applies to a separate Leyden jar which, 
in order to avoid electrical oArer-tension, must be connected in such a way that 
the leads are taken from opposite ends. I t  may also be mentioned that, as can 
be seen from (20), some irregularity must be observed in the current, as it is 
expressed by an equation similar to (19) for the tension. On Plate 8, it can be
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observed that the intensity of the spark varies in an irregular way from one 
oscillation to another, and this is probably due to variations in the current.

In certain cases in practice it is possible to use oscillations in Leyden jars 
in order to obtain very short and sharp impulses of the electrical current. For 
this purpose it is only necessary to place a spark gap at the opposite end of the 
condenser battery, connecting this spark gap to the condenser battery without 
any self-induction, and adjusting it so as to make it slightly larger in size than 
the spark gap in the circuit with the oil switch. By adjusting the self-induction 
in the series with the main spark gap, it will be possible to produce over-tension 
in the subsidiary spark gap after one, two or more oscillations, and as the dis
charge will at this moment pass in the subsidiary spark gap, we shall only obtain 
one or two oscillations in the main spark gap.

In conclusion I  would like to express my thanks to Prof. A. N. Kryloff, 
with whom I have discussed the mathematical part of this paper.
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16. FURTHER DEVELOPMENTS OF THE METHOD 
OF OBTAINING STRONG MAGNETIC FIELDS*

A further development of the method for obtaining strong fields for a short 
time is described. This development is obtained by the use of larger powers.

A dynamo and the switch are described, which give very large impulses of 
current.

Coils able to stand strong magnetic fields are described, and with these 
coils magnetic fields up to 320,000 gauss in a volume of 2 cm3 were obtained.

The direct method of measuring magnetic fields of short duration with 
ballistic galvanometers is given.

1. I n t r o d u c t i o n

In previous publications1, 2| 3 the author has described a method of obtaining 
strong magnetic fields, and also several experimental researches using these 
methods.

The general principle of this method is to obtain a field in a coil for a very 
short time only—about 1/100 see—thus making it possible to use a great 
amount of electrical energy without heating up the coil. Powers up to several 
thousandkilowatts are necessary for obtaining strong magnetic fields. Such large 
powers arc easily obtained for 1/100 see by means of specially constructed 
accumulator batteries, which make it possible to obtain fields of over 100,000 
gauss in a sufficiently large volume to make investigations on such subjects 
as the Zeeman effect.4

The success of this method has led to the attempt to obtain fields of an 
order approaching 1,000,000 gauss. A magnetic field of this order requires 
about 50,000 kW, and this calls for a source of energy about 50-100 times 
larger than that used in the accumulator experiment. From the experience 
gained in the previous investigations, it was realised that an accumulator bat
tery would not be practicable, firstly, because such a battery is not very lasting, 
and, second, because it would be very difficult to have a sharp break of direct 
current of such power. A dynamo short-circuited for a small fraction of a second 
appeared to provide a much more convenient source of energy. In this case, 
the energy is accumulated as kinetic energy in the rotor of the generator, and is 
converted into electrical power when the machine is short-circuited. I t is 
known from electrical engineering experience that it is possible to obtain large 
impulses of current in this way.

* P. L. Kapitza, Further developments of the method of obtaining strong magnetic 
fields, Proc. Roy. Soc., A ll'*, 658 (1927).
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Rough calculations showed that to give the required power the machine 
must be of such a size as to give about 2000 kW at continuous rating. This 
indicates the scale of the experiment, and to carry it out it was necessary to 
build a special laboratory and to design machinery in a special manner. In 
this paper it is proposed to give only a brief account of the machinery used, 
avoiding all technical details. At a future date the writer hopes to give a more 
detailed description of the apparatus and the principles on which it is designed.

The whole problem falls into five parts, viz.:
(1) The generator which supplies the large power.
(2) The switch which governs the power.
(3) The timing arrangement.
(4) The coil.
(5) The measurement of the field.

Each of these will be dealt with in a separate section.

2. T h e  G e n e r a t o r

An electrical single-phase a.c. generator of the turbo-alternator type was 
chosen, the main idea being to use half a cycle of the current only. The circuit 
is made when the generator e.m.f. has its zero value; the current then rises 
and drops again to zero, and at this moment the break is made. This method 
has the following advantages. First, it permits a machine with a high peripheral 
velocity of the rotor to be used, this type of machine giving the largest powers 
on short-circuit, as can be shown quite generally. Second, by using a.c. current 
the problem of breaking the power current is made much easier, as the current 
which is broken is many times smaller than the maximum current; thirdly, 
by using a revolving field, sliding brushes or commutators are avoided. Finally, 
one important advantage remains. In Fig. 1 the process of short-circuiting the 
machine is represented, curve I representing the current, and curve E the 
electromotive force. During the first half of the period wdien the electromotive 
force builds up the current, it has to overcome the ohmic resistance of the 
circuit and create a magnetic field in the coil as well as in the leakage fields of 
the machine. This is done by taking the energy out of the kinetic energy of the 
rotor which is gradually slowing down. In the second half of the cycle, when 
the voltage is reversed, the current still persists, owing to the electromagnetic 
energy stored in the coil and in the machine. This energy is partly dissipated 
in heat owing to the ohmic resistance of the circuit, but a large part of it returns 
to the rotor, increasing its kinetic energy. A comparison with the case of a 
d.c. source of energy, such as flic accumulators, where we have to short- 
circuit the coil before breaking the current,1 and where the whole of the magne
tic energy stored in the magnetic field is dissipated in heat, shows that with an 
a.c. generator a large amount of this energy goes back to the rotor, the heating 
up of the coil being some 10-15 per cent smaller than in the case of accumula
tors. This makes it possible to obtain stronger magnetic fields with a coil of the 
same volume and for the same time.
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The one difficulty in using a.c. current for our purpose is that the current in 
the coil has a sinusoidal form, i.e. the magnetic field is never constant. But in 
some experiments, as in work on the Zeeman effect, a constant field is required 
for a certain fraction of a second during which the spark exists in the coil.

This difficulty can he overcome by a special design of the excitation winding 
of the machine. This is ordinarily designed to give an e.m.f. as close as possible

to a sine curve, but in our case the winding must be arranged so as to produce a 
current wave with a flat top. To do this the winding is divided into concen
trated coils, one of half pitch and the other of full pitch, the current in each 
being independently adjusted. These are marked by 1 and 2 respectively in 
Fig. 2 and the shape of the field is given by the curve H. This field will produce 
the electromotive force E, and the current I  as shown in the same diagram.

To see that the current curve will have in this case a flat top, we consider 
the general relation

E =  L -Tjy + R I , (1)
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where L  and R  are the resistance and self-induction of the machine and out
side circuit. Now, if we adjust the electromotive force E0 so that the current 
satisfies the relation

( 2 )

at the moment x, then, as can easily be seen from (1), the current will remain 
constant from the moment x to the moment y. In this way it is possible to 
obtain a constant magnetic field in the coil for a few thousandths of a second 
(see Plate 15, p. 137). Closer consideration shows that the power obtained by the 
combination of these two fields is slightly smaller than that obtained when using 
the full pitch winding (2) only, but in most experiments a constant field is 
only needed when the field is weak. If the field is strong, the experiment can 
be performed in a much smaller fraction of a second, during which the sinusoidal 
current, obtained by using the full-pitch winding only, is sufficiently constant.

The general picture of the phenomena which occur in an a.c. generator when 
short-circuited is well discussed in the Electrical Engineering literature5, 
and it is well known that the a.c. type of generator at the first moment of 
short-circuiting gives a very large peak of current which gradually dies out.

This phenomenon enables us to use a much smaller machine. Our generator 
is designed to have the largest possible value of peak current on short-circuit, 
and herein lies the essential difference between our machine and a commercial 
generator, these latter machines being designed, for reasons of safety, to have 
as small a ratio of transient short-circuit current to normal current as possible. 
The main principles of the design, therefore, are to have as low an impedance 
as possible and a strong construction to bear the large short-circuit forces.

The construction of the machine was entrusted to Messrs. Metropolitan 
Vickers, of Manchester, who took a great interest in the work and carried 
it out on the most favourable terms. We are greatly indebted to Engineer 
M. Kostenko, of Petrograd Poljdechnical Institute, Prof. Miles Walker, of the 
University of Manchester, and Engineer G. Kuyser, of Messrs. Metropolitan 
Vickers, for help and advice. The success of the design of the machine owes 
much to the wide experience of these specialists and their kind interest in my 
work. I am chiefly indebted to Prof. Miles Walker, to whom several parts 
in the construction of the machine are due, especially the ingenious design of 
the end connection of the stator winding in the copper boxes.

The general view of the machine as it is installed in the laboratory is shown 
on Plate 11, p. 136.

As has already been mentioned, the machine is of the normal Turbo-Alterna
tor type, with the exception that certain parts have been strengthened, viz., 
the stator casting, the bolts and the keying-in of the punchings, etc. This is 
necessary, as the machine has a very small impedance, and the electrodynami
cal forces developed are of such a value that the matter of strengthening these 
parts is of great importance. The windings, especially the end connections, 
have been enclosed in special copperboxes, which not onty reinforce them, 
but also considerably reduce the impedance of the machine.
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The steel rotor is 52T cm in diameter, and bears the full pitch and half- 
pitch windings. To decrease the impedance a number of damper bars forming 
a Squirrel cage are embedded in the steel of the rotor. The rotor can make 
up to 3500 r.p.m., corresponding to a peripheral velocity of 95’7 m per sec; 
half a cycle is therefore performed in about 1/100 see. The weight of the rotor 
is 2 | tons, and its moment of inertia 59-6 kg/m2. The inertia of the rotor is suf
ficient of itself to provide the necessary amount of kinetic energy, so that no 
extra fly wheel is required.

The stator is made of punchings cut out of single sheets of Stalloy iron, and 
these are securely fastened to the steel stator frame. The total weight of the 
machine is about 13 tons.

As the machine is only run 15-20 min during an experiment, there are no 
special ventilation or cooling arrangements. This considerably simplifies the 
construction and reduces the windage loss. About 80 h.p. is required to drive 
the machine, well over-excited, at full speed. The d.c. motor used for spinning 
up our machine is directly coupled with the rotor and fastened to the same 
bedplate as the generator.

Both machines and the automatic switch rest on a concrete foundation) 
14 ft 5 in. long, 7 ft wide, 3 ft deep, and about 30 tons in weight. This concrete 
block rests on a layer of special anti-vibrational material called Mascolite, 
made of felt and cork. Underneath this felt is another concrete block about 
1 \  ft thick, resting on the ground. This arrangement is necessary to absorb the 
shock which Avould occur during the short-circuiting of the machine. As the 
dynamo is further in the ground than any other foundation in the building, 
any shaking of the building is prevented. The use of such a heavy foundation 
and of the anti-vibrational material reduces the shock to a very small amount, 
and in certain experiments even a small shock would be very inconvenient. 
For instance, in taking spectrograms, a very small shake of the spectrograph 
would seriously affect the sharpness of the line. To avoid this, the coil in which 
the experiment is performed is placed about 20 m away from the machine, 
the current being supplied to the coil by heavy leads. The disturbance which 
travels through the ground at a velocity 2000-3000 m per sec does not reach 
the apparatus until after 1/100 sec from the beginning of the short-circuiting, 
i.e. when the experiment is over. The leads from the machine to the coil con
sist of six cables—three in parallel to each pole, the cables being interleaved 
to reduce the self-induction of the rather long connections. As the repulsive 
forces between the leads are very considerable, the cables are securely fastened 
together by strong bronze clamps. The loss in the cables is less than 4 per cent 
of the total power.

The general arrangement for starting and regulating the speed is yery similar 
to that known by the name of Lennard. Another d.c. generator, driven by an 
ordinary a.c. motor, is used for supplying the current. The excitation of both 
the d.c. driving motor and the d.c. dynamo are supplied independently from 
an accumulator battery. Thus, by means of small rheostats in the excitation 
circuit the machine can easily be started and kept at any required speed. The
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use of an accumulator battery for excitation makes the whole arrangement 
extremely stable.

The currents for the full and half-pitch winding of the rotor of the larger 
generator arc independently supplied by two 6 kW 60 volt d.c. generators. These 
two small dynamos are excited by the same accumulator battery. In  this way 
the excitation current in the turbo-generator can be adjusted with great 
accuracy and kept very steady without using heavy rheostats. A further advan
tage of this arrangement is that during the short-circuiting the possible large 
variations in the current both of the driving motor and the excitation motor, 
cannot penetrate into any other laboratory circuit.

The accumulator battery has a rating of 150 ampere hr and 220 volts contain
ing 120 cells.

Before installation in the laboratory the generator was carefully tested at 
the works. I t was first necessary to determine the stresses in different parts 
of the generator produced by the electrodynamical forces which occurred 
during the short-circuiting. As the generator has a very small impedance 
the short-circuit current is much larger than in the usual type of machine and 
some anxiety was felt as to the safety of some of the more highly-stressed parts. 
An estimate of the magnitude of these forces required a knowledge of the leak
age fields in the air gap. These were measured by a search coil, and it was cal
culated that the machine would just stand the short-circuiting. For the short- 
circuiting test a simple oil switch was used, rvhich made the current at some 
random moment in the phase, so that it was impossible to get the maximum 
short-circuit current except by chance. Actually, the largest amplitude of the 
current was 72,000 amperes, and the voltage 2250 volts, corresponding to a 
power of 160,000 kW. From this it was calculated that the maximum value of 
the power of the machine, when short-circuited at zero voltage, would be
220,000 kW. In actual work the machine is short-circuited on a coil whose 
impedance is approximately equal to that of the machine, so that the total 
power is only half of the above, and of this one half is lost in the machine, 
the other half going into the coil and producing a magnetic field. Thus 55,000kW 
are available for the production of a magnetic field.

The change in the velocity of the rotor during the short-circuiting is about 
10 per cent, so that 20 per cent of the kinetic energy is drawn out.

3. T h e  S w itc h

The General Theory of the Switch. From the previous part of this paper the 
general requirements of the switch arc made clear. The time at which the cur
rent is made is the moment at which the tension is zero (see Fig. 1); it corre
sponds, therefore, to a definite position of the rotor relative to the stator. 
The time of the break corresponds to the moment when the current drops to 0. 
This moment occurs when the rotor has moved more than ISO0, and it lies 
somewhere between 180° and 360°, according to the impedance of the circuit. 
If the predominant part of the impedance is the ohmic resistance, zero current 
will occur nearer to 180°, while if the inductance is the predominant part, the
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zero current will occur nearer to 360°. Thus only the approximate range of 
the moment of the break can be fixed, which varies with the character of the 
load and the shape of the rotor fields, the exact moment being determined 
experimentally each time.

It follows that the switch must work synchronously with the machine in such 
a way that it makes the current at a fixed moment but the breaking of the cur
rent must be made adjustable within certain limits. Obviously the simplest 
way of making the snatch work synchronously with the generator is to have it 
operated from the shaft of the dynamo. The switch must be designed in such 
a way as to suit the requirements of the break and make. The circuit has a large 
self-induction, so that when contact is made the current rises slowly and the 
exact time of contact is of no great importance. From previous experience with 
the accumulator it has been found that it is quite easy to make this time so 
short that no heat is generated in the brushes of the switch during the make.

The conditions of the break are much more difficult. If we break our circuit 
very quickly, exactly at the moment when the current is 0, no arcing will 
occur in theory, but in actual practice it is impossible to make an instantaneous 
break at this moment. It can be seen that even in a case where the break is 
3/10,000 sec before or after the current is 0, the current may reach a value 
of about 3000 or 6000 amperes; a current which it is both impossible and 
dangerous to break instantaneously. The magnetic energy h L I2 stored in the 
dynamo and in the coil has to be dissipated somehow or other, and a sudden 
break without arcing will transform all this energy into potential energy charg
ing up the capacity of the generator. As this capacity is very small the potential 
will rise to very large values, and finally break down the insulation. To avoid 
this over-tension a condenser is introduced in the circuit during the moment of 
the break, a capacity of 50 microfarads being sufficient for the purpose.

Plate 12 shows an oscillogram of the voltage across the break and of the cur
rent in the main circuit. I t  is essential that the brushes of the switch begin to 
separate (point a) slightly before the moment at which the current drops to 
zero (point b). On separation, as may be seen by curve 1, the potential across 
the break rises to the arcing potential, about GO volts for two copper contact 
in series, and an arc starts between the brushes. The potential rises slowly as 
the current drops to zero (point b), when the arc is extinguished. As is seen 
from the oscillogram, the time of duration of the arc is about 0-0005 sec, and 
during such a short interval the heat developed does not damage the brushes 
of the switch in spite of the heavy current. The current then changes its direc
tion, discharges the condenser and recharges it in the opposite direction to 
approximately double the voltage generated by the machine. These oscillations 
continue till the condenser is switched out of circuit.

In the interval of time between the points b and c the voltage is below the 
arcing potential so that no arcing occurs. For the successful operation of the 
switch it is important to cool the copper contacts of the break during this 
interval of time, so as to make any subsequent arcing impossible, and for this 
purpose, a strong blast of cold air is introduced between the brushes and the 
plate. The condenser not only prevents over-tension of the machine, but also
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increases the time from b to c during which the brushes of the SAvitch may 
cool.

The Design of the Switch. The above considerations show that it is important 
to have a SAvitch operating Avith an accuracy of 3/10,000 sec, relative to the 
moment Avhen the current drops to zero. In order to ensure this the con
tacts must be separated by 0-5 mm in 3/10,000 sec, such a motion requiring 
an acceleration equal to about one thousand times that of the gravitational 
field. For instance, if the weight of the contact brushes is about 1 kg, a force of 
at least one ton must be applied very suddenly in 3/10,000 sec.

A detailed account of the calculations and resulting design of the SAvitch 
would take up too much space; I Avill only give schematically a description of 
the construction of the SAvitch which has satisfied the above-mentioned 
requirements.

The general view of the switch is shown in a photograph (Plate 13) and a scheme 
of operation in Fig. 3. The automatic SAvitch is placed on the same foundation 
as the generator in such a Avay that it can be mechanically coupled to the genera
tor shaft. By a silent chain (1) a cam (2) is driven from the shaft of the dynamo 
at half the angular velocity of the main rotor. By means of a leA'er this cam (3) 
pushes the rod (4), Avhich is pressed back to the cam by a strong spring (5). 
The push rod through a link (6) may press, if engaged, on the joint of the tAvo 
vertical links (7) and (8); the link (8) is connected to a vertical rod AAith a cop
per plate at the end (9), and this copper plate presses on two brushes (10) AA-hich 
form the contacts of the main circuit. The process of operation of the SAvitch 
is shoAvn schematically (Fig. 3) on draAving it in successive positions. In Fig. 3 A 
of this drawing is seen the position of the parts of the switch just before opera
tion. The cam (2) freely rotates as the lever (3) is prevented by a trigger (11) 
from falling doAvn on to the cam. The push link (6) is in a doAvmvards position 
and is not connected Avith the push rod (4). The links (7) and (8) are on the right- 
hand side and the copper plate (9) is kept Avell off the brushes (10) by the 
spring (12). Noav in order to make the switch operate at the right moment, a 
current is passed through the electromagnet (13) Avhich pulls doAATi the trigger 
(11). The lever falls down on to the cam shaft and the push rods begin to make 
a reciprocating motion as the lever folloAvs the shape of the cam. A current is 
also sent through the electromagnet (14) which, by means of the link (15), pulls 
up the push link (6). At the moment when the lever is on the deepest part of the 
cam (Fig. 3B), the push rods catch in, and in the further motion of the cam the 
finks (7) and (8) begin to straighten up and the copper plate (9) is pressed on to 
the brushes (10), and the contact is established (Fig.3C). This lasts until the 
second elevation of the cam comes to the lever (Fig. 3D), and this pushes the 
push rod further on. The finks (7) and (8) are throAvn to the left-hand side and 
the copper plate separates from the copper brush. Finally (Fig. 3E) the copper 
plate is well off the copper brush, and as the current is broken in the electro
magnet (13) the lever (3) is again clamped by means of the trigger (11) in such 
a position that it will not touch the cam. A second small switch (16) is under
neath the main SAvitch; the purpose of this small sAA-itch is to connect the 50 
microfarad condenser (17) betAvcen the brushes (10) after the make is effected.
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This switch (16) is pulled up by a weaker spring (18) and breaks the condenser’s 
circuit only at the moment when the copper plate is well separated from the 
brushes. In Fig. 3 is also shown a nozzle (19), which is connected to a reservoir 
with compressed air (12 atm). By an electrically-operated valve the reservoir 
is discharged and a heavy blast of air is produced in the air gap of the switch 
during operation.

Fig. 3

I t  has already been mentioned that only the make has a permanent phase 
relation with the rotor, the break being adjustable. This is secured by means 
of the cam (2) being made in two parts, one having the elevation for the make, 
being permanently fixed on the shaft, and the other having the elevation for the 
break, being adjustable within certain limits.
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The main features of the design of the switch are as follows. In the first 
place the switch is not operated by springs, but by forces from the cam which 
may be made much larger than any obtainable from springs of a small mass; 
secondly, the operation of the switch is strictly synchronous with the motion 
of the rotor; and thirdly, the roller of the lever (3) is engaged with the cam (2) 
only for a single revolution. A very great pressure may therefore be allowed 
between roller and cam without appreciable wearing in a single engagement, 
large accelerations being thereby attained. The chief difficulty is that large 
stresses occur from the inertia of the parts themselves. In order to have the 
various links evenly loaded during the moment of the make and the break, 
the shape of the cam must be closely calculated and carefully manufactured. 
I t  is difficult to keep the safety factor of such a switch above 2\. The switch 
was made of special high qualitj' steel, and I am indebted to Messrs. Peter 
Hooker, Ltd., for the very careful and precise manner in which its manufacture 
was carried out. The switch works well and gives no trouble during the experi
ments. I hope to give a more detailed description of the method of designing 
this switch later.

Finally, the successful operation of the switch depends a great deal on the 
amount by which the phase of zero current varies with such factors as the change 
in the resistance of the coil owing to its heating up, and to the slowing down 
of the machine during the moment of the break, these factors varying in 
different experiments with the same coil. Calculation shows that the moment 
of the break shifts by 2° when the number of revolutions changes by 25 per 
cent and a similar shift is produced by the change of the resistance due to 
heating up the experimental coil, made of copper, to 60°. The shift is small 
but still appreciable, and when the coil is heated up to 125°, considerable care 
has to be taken in adjusting the moment of the break in accordance with the 
power which is drawn from the generator.

4. T iie  T im in g

During the hundredth of a second that the experiment lasts, a number of 
manipulations have to be timed, and special devices are required for the pur
pose. First of all the relays of the automatic switch have to be operated at 
the proper time. I t  is important that the relay (13) should release the trigger 
exactly at the moment when the cam has the position of Fig. 3 A when it 
nearly touches the roller on the lever (3), otherwise under the pressure of the 
heavy spring (5) the lever (3) may fall from sucli a distance that it may not 
only damage but break the cam . The relay (13) has to be set free again before 
the cam makes a full revolution, to trig the lever again. Relay (14) and the 
one which operates the valve on the blast arrangement (19) have to be set in 
motion at the proper time. All these relays are made to operate very quickly, 
by keeping them small and by sending through them a power of 1 or 2 kW. Such 
a current can be maintained in the relays for only a few seconds without over
heating, so that arrangements must be made to break the current after this 
time.
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On the other hand in the oscillograph room the photographic plate, on which 
the oscillograph record of the current is taken, has to fall before the images from 
the oscillograph mirrors exactly at the moment when the machine is short- 
circuited. All these operations have to be controlled automatically by a timing 
device. In the present paper we will describe only the general idea underlying 
the timing.

To start the experiment, a push button switch is pressed and sends a current 
through a relay which releases the falling plate in the oscillograph room. This 
circuit has in series a brush and a sliding contact which is coupled with the 
motion of the cam of the automatic switch, so that the current through the 
relay can only pass when the rotor of the dynamo is in a definite position. 
Thus the photographic plate starts to fall synchronously with the machine. In 
its fall the plate operates a small switch which lets the current into the relays 
of the automatic switch. These relays have again in series sliding contacts 
fixed on the cam of the automatic switch, thus permitting the current to operate 
the switch only when the cam has a definite position. When the plate has finished 
its fall, it operates another switch which breaks the current in all the relays.

Great care has been taken in designing these timing devices, as on their proper 
working depends the success of the whole apparatus. As the energy brought 
into play in each experiment is very large, an accident might have rather serious 
consequences.

To provide against failure of the automatic switch a heavy high-tension oil 
switch of the ordinary remote controlled type is introduced into the circuit 
between the automatic switch and the dynamo. This switch is closed a few 
minutes before the beginning of the experiment and the button operating the 
automatic switch sends current into the releasing device of the oil switch. The 
switch opens in about one-tenth of a second and sufficient time elapses before 
opening for the experiment to be performed.

5. T h e  Coil

The Theory. In my previous experiments with accumulators, the electro
dynamical forces which occurred in the coil were always marked, but never 
reached such a value as greatly to affect the shape and the rigidity of the coil. 
In the present experiments, where a much larger power is brought into play, 
these forces reach much larger values. When the field inside a copper coil of 
1 cm inside diameter exceeds 200,000 gauss, these forces reach such a value 
that the coil bursts. The problem of making a sufficiently strong coil to resist 
magnetic fields above this value was probably the most difficult part of the 
whole experiment, and a great deal of research was necessary to find a construc
tion for the coil which would stand the strain.

The first part of the problem was a theoretical study of the strains produced 
in the coil when a current is flowing and of how by a proper choice of the 
cross-section of the coil these strains may be reduced and brought to such a 
form that reinforcement of the coil is made easy. The second part of the prob
lem was more mechanical, consisting of working out the actual construction 
of the coil and of the reinforcements.
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Let us first deal with the theoretical part of the problem. On Fig. 4 is shown 
the cross-section of a circular coil. When a current is flowing, electrodynamical 
forces will act in the body of the coil. The principal forces, shown by area A, 
are radial and tend to increase the diameter of the coil. These are the forces 
which tend to burst the coil.

If we reinforce the coil by some kind of bandage placed round it, as shown 
by a dotted fine in Fig. 4, a surface force, shown by area C, will be produced 
and may prevent the bursting. This arrangement will work within certain 
limits, beyond which the copper will simply flow to the side in the direction of 
the axis of the coil. To prevent the deformation by reinforcement from the 
side is technically very difficult, if not impossible. There is, however, no actual 
need for this side reinforcement, as nature comes to our help by another set
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of electrodynamical forces marked by area B in Fig. 4, which act so as to stop 
the copper flowing to the sides. Clearly the problem is reduced to finding a coil 
of such a construction that there is a certain balance between the forces A, B, 
and C. The ideal case would occur if we could reduce all these forces to a uni
form (hydrostatic) pressure, so that there will be no shearing strain in the copper 
of the coil, and, if the reinforcing ring is made sufficiently strong, it will keep its 
shape without any side supports. I t  may be theoretically possible to find a 
shape of coil satisfying the above-mentioned requirements, but such a coil 
will not be of a square cross-section, and in practice it is very difficult to wind 
a coil that is not rectangular in section. The next approximation is to make a 
coil with a stepped cross-section, in which case it is possible to reduce the shear
ing stresses in the coil if the proper ratio between the length of the coil and the 
outside and inside diameters is chosen.

These forces can be calculated and measured in the following way. Let us 
assume that a current of uniform density I  is circulating in the coil (see Fig. 5), 
and imagine a coaxial ring placed somewhere in the body of the coil. If we choose 
cylindrical coordinates, z along the axis of the coil, and r the radius, then we 
may determine the position of the ring by z and r. Now, the magnetic flux 
from this coil through the ring is =  IS M ,  where M  is the coefficient of 
mutual induction of the coil and the ring and S  is the surface of the cross-
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section of the coil. We may regard cp and M  as continuous functions of z and r. 
Then the two components of the magnetic field at any point will be:

1 8 cp I S  8 M
2 n r  dr 2 n r  dr (3)

Hr
1 8cp

2n r 8z
I S  831 

2n r 8z W

Fig. 5

The mechanical force on unit of the volume of the coil in the directions corres
ponding to r and z will be

F r i n . P S  831 
2n r dr ’

F, I  Hr P S  831 
2n r 8z

(5)

( 6 )

We sec that M  is in some respects similar to a potential to the force F.
At a point with coordinates z0 and r0, the copper will be compressed in the 

r direction with a force
r o

Fra= ^ f r F r dr, (7)
' o J ih

and in the z direction

VZo ( 3 )

where R1 is the radius of the inside surface of the coil -with the coordinate z0 
and 7jx is the Z-coordinate of the same surface with the radius r0. The integra
tion is easily carried out by means of (5) and (0), giving

P S
K  -  -5----- (ro zo) -  X (rti z0)]. (0)2n r0
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and
FZo

P S  
2 n r0 [M (r0 z0) — M (r0 Z j)]. ( 10)

For the copper to be uniformly compressed we must make F r =  F, everywhere 
in the coil. Expressions (9) and (10) show that this can only be obtained if 
the value of M  on the inside surface of the coil is constant (M  (r0Z j) =  M  (R1 z0)). 
But it is easily seen that the surface along which M  is constant will coincide 
with the magnetic lines of force. To reduce the forces everywhere to uniform 
compression, a coil must have a cross-section of such a shape that the inside unsup
ported surface coincides with the magnetic lines of force. If the coil is not this 
shape, it is easily seen that the maximum shearing forces (N ) which occur in the 
coil at the point (r0 z0) are

N - F  — F -  12 S Mi<RlZ^  ~  M (roz \)iV -  -‘ 'z o  -  Q • 1 1 1 )-i7i r0
From this expression we see that to determine the shearing stress hi the coil it is 
sufficient to know the numerical value of M  on the surface of the coil only.

Expression (11) enables us to determine the point at which N  reaches its 
maximum value, and this is the point at which the coil is most likely to give 
way. For example, in a coil which is not very flat, the point of maximum stress 
is at the corners which touch the reinforcing winding. In stepped coils, it lies at 
the inside corner of the steps.

To determine the shearing force N  we have to calculate M. From the expres
sions (3) and (4) and the field equation curl II =  4 n I, we obtainfor M  the follow
ing partial differential equation:6

1 d2M  1 dM  1 d2M  f 0 outside the coil ) ?
r dr2 r2 dr ^  r dz2 | S7i2fS inside the coil j "

Butterworth7 has shown that a solution of this equation can be obtained in 
terms of series derived from Bessel functions, and these scries were used to 
calculate the coefficients of mutual induction of solid coils. Similar series 
for the mutual inductance of coils of rectangular section and coaxial circles 
have been developed and used to compile tables giving numerical results for 
the different shapes of coils likely to be used in practice. With these tables 
it is possible to investigate the effect of varying the shape of cross-section on 
the maximum shearing stress in the coil. It will probably be difficult to design 
a coil in which the shearing force is absolutely zero, but by a certain amount 
of guess-work and successive approximation it is possible to obtain a coil in 
which the shearing forces are small for all practical purposes.

I t  is easy to measure the coefficient M  oil the surface of an actual coil by 
means of a ballistic galvanometer. This is done by placing at the point of the 
surface where we wish to measure ill, a small coaxial coil made of a few strands 
of line wire and connecting it to a ballistic galvanometer. If the current in the 
main coil is suddenly stopped, the throw of the ballistic galvanometer is exactly 
proportional to J /. The absolute value of M  can easily be found from the cali
bration of the galvanometer by means of a standard mutual induction intro
duced in the circuit in the usual way.
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Finally we have to find the force on the bandage, necessary to make it suffi
ciently strong. The force which presses the bandage ring out is obtained from 
(9) and is found to be

+ i +i
P  = P S

71
J  M (R 2 z) dz — J  M  (J?j z) dz (13)

-!
where R 2 and are the outside and the inside radii of the coil and I is half the 
height of the coil. As both integrals are taken on the surface they can easily 
be calculated from the data from the measurement with the ballistic galvano
meter or from the tables.

The Construction of the Coil. In designing the coil we first choose the'cross- 
section and the volume. The cross-section is not only decided by the condition 
of rigidity, but also by the requirements of the experiment—the degree of 
uniformity of the field and the space in which the field is to be produced. The 
efficiency of the coil has also to be taken into account. The volume of the coil 
is obtained from the rise in temperature which may be allowed in a particular 
set of experiments. The temperature must never rise above 150°, as this is the 
maximum temperature which the insulation can safely stand.

I t  is exceedingly difficult to satisfy all these requirements, and it would 
occupy too much space to describe the various methods by which the solution of 
this problem was attempted. By means of specially calculated tables* and graphs, 
however, it has been found possible to find a coil which will give the required 
results.

When the shape has been chosen the reinforcement is easily designed by 
using expression (13). The number of turns is chosen so that the impedance 
of the coil is approximately equal to that of the generator with the cables.

The cross-section of the strip must not be more than 5 mm in width, as other
wise the penetration of the current in 1/100 sec will not be complete; the resis
tance of the coil will therefore increase and the copper will not be uniformly 
compressed. When a coil is properly designed it can be seen that, in spite of the 
fact that forces inside the body reach very large values (several tons per cm2), 
it is possible to compress the material so uniformly that if, instead of copper, 
we use an alloy of copper with 2 per cent of cadmium, f which has 90 per cent 
of the conductivity of pure copper, and when hardened has about four times 
its tensile strength, then a coil can be made which will stand welloveroncmillion 
gauss without changing its shape. We may expect, of course, that the insulation 
will give way sooner or later, but at present, in actual practice, the chief diffi
culty arises from another source.

The coil has to be wound in several layers, so that the following phenomena 
occur when the current is passing through the coil. The outside layer of the

* Mr. J. D. Cockcroft has drawn up special tables for calculating M , and has worked 
out several formulae which are very useful in designing the coils. These will be published at 
a later date.

f  The cadmium copper strip was specially prepared and rolled for us by Messrs. Thomas 
Bolton, to whom we are much indebted.
C*
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coil first becomes slightly compressed and increases in diameter. The diameter 
of the second layer then expei'iences a larger increase consisting of its own 
increase plus the increase of the outside layer. This will result in a slight unwind
ing of each layer proceeding from the outside to the inside and gradually accu
mulating. When the inside layer, which is connected to the other end of the 
lead, is reached, it may unwind by as much as 1 cm, and the conductor may 
then be strained to such an extent that it breaks. About five coils failed owing 
to the middle conductor breaking in this way.

At first an attempt was made to stop this unwinding by making the coil as 
tight and rigid as possible, the coil and steel reinforcing band being both wound 
under very strong tension. After winding, the coil was impregnated under 
pressure with Bakelite varnish and baked, according to the usual Bakelising 
practice. In this way all the gaps inside the coil were filled with solid Bakelite. 
As a result of this process the unwinding did not occur until higher fields were 
reached, but it was still impossible to make a coil which would stand a magnetic 
field of more than 230-250,000 gauss. This means that the forces which are 
brought into play in the coil when the current is flowing are so much larger 
than those which are applied during the winding process, that it is impossible 
to make a rigid coil. The only way in which it is possible to make a coil which 
will stand the strong magnetic field is consequently to allow the unwinding 
to go on without breaking the winding. This involves introducing a slipping 
contact in some place in the winding. I t  is rather an unusual technical construc
tion to make a small slipping contact to stand a current of 30,000 amperes, 
but as the current is only passed through this contact for a very short time it 
appeared to be possible. The drawing in Fig. 6 shows a coil with such a slipping 
contact, which is now used in the experiments. The winding (1) is a cadmium 
copper strip and starts from a manganese bronze case (2) to which it is soldered. 
The winding is made in four layers, and to the last turn of the winding is soldered 
a copper ring (3) with a small slot which forms the end of the winding. Inside 
the coil is placed a cadmium copper cylinder (4) with a helical cut in the middle 
which forms the inside turn of the winding. The left end of this cylinder has 
one long slot which joins the helical cut, and many shorter axial cuts. I t 
fits the ring (3) and is pressed to the side of the ring by means of a conical 
fibre bush (5). This arrangement makes the sliding contact. The ring (3), 
connected to the last turn of the coil, is made to slip on the end of the cylinder 
(4), and thus no stress is produced in the strip. On the other end of the cylinder 
is an exactly similar arrangement with a ring (G) fastened to a phosphor bronze 
plate (7) which forms the other lead of the coil. The coil is reinforced from out
side by a steel band (8) which is tightly wound on the bronze case (2). The steel 
used is of a high quality and is liardenedand tempered. The forces which attempt 
to burst the steel ring are large, and reach, for instance, the value of 100 tons 
when the field inside the coil is about 400 kG.

Special care is taken with the sliding contact arrangement, since it might 
happen that when the ring (3) moves it would get short-circuited. This is 
prevented by packing some insulation over the slot in the sliding contact. 
Special care is also taken with plate (7), as the current is flowing along it in



Method of Obtaining Strong Magnetic Fields 149

the outside field produced by the coil and the electro-dynamical forces on this 
plate may reach a very high value; the plate is therefore made sufficiently 
thick, and is well bolted.

This coil has at present stood successfully up to 320 kG without any sign 
of damage. The first time this field was obtained the ring (4) of the sliding 
contact moved by about 5 mm but on repetition of the experiment no motion 
was observed. Theoretically, it can stand a much larger strain, corresponding 
to a larger field. The question as to what will happen to the insulation remains 
open. That used in the coil is leatlieroid and mica, and the coil is well impreg
nated with Bakelite and is baked. Will it stand greater pressure? Fortunately

F ig . 6

there are indications that good insulation in the coil is not necessary, as the 
magnetic field, which penetrates the coil, prevents any arcing in the body of 
the coil.

6. T he Me t h o d  of Me a s u r in g  th e  F ie l d

To determine the field in my previous experiments the current through the 
coil was measured by means of an oscillograph, and knowing the constant of 
the coil it was easy to calculate the magnetic field. I t  is possible to calculate 
the constant of the coil, but as the coils are not particularly accurately wound, 
direct experimental methods of determining the constant have been worked 
out.1,4 These methods cannot be used in my present experiment as a steel band 
is placed round the coil. This steel band may have a marked influence on the 
determination of the constant of the coil when a small current is used. With the 
larger current which is passing in our experiment the steel band is very soon 
saturated and contributes a constant value to the magnetic field inside the
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coil. These considerations led to the development of a method whereby strong 
magnetic fields can be measured directly. The standard method of a search 
coil connected to a ballistic galvanometer was adopted for our purpose. The 
difficulty in the application of this method lies in the fact that if we simply 
introduce a search coil in the magnetic field, the total change of the flux during 
the experiment will be zero, and no deflection will occur. To adapt this method 
for our purpose a special automatic switch is arranged so that it short-circuits 
the search coil which is connected to the ballistic galvanometer. Thus, the 
current induced in the search coil does not flow in the ballistic galvanometer, 
but when, somewhere in the middle of the current wave, the break opens the 
circuit, the induced current is thrown into the ballistic galvanometer. Obvious
ly, the deflection of the ballistic galvanometer will be proportional to themagne- 
tic flux which penetrates the search coil at the moment when the circuit is 
broken. By means of automatic timing devices a little switch can be made to 
operate at any chosen moment of the current wave. To mark the moment of 
operation a small shutter is connected to the switch, so arranged that it blots 
out the light which falls on the oscillograph exactly at the moment when the 
circuit of the search coil is broken. In Plate 14, p. 137 an oscillogram of a current 
curve is given on which such marks produced by the shutter can be seen on the 
top of the current wave. The search coil used in this experiment was wound on 
a well-ground glass cylinder, 6 mm in diameter, and consisted of 19 turns of 
closely-wound enamelled wire, gauge 44. The effective area of this coil was cal
culated from direct measurement by a micrometer. The ballistic galvano
meter was calibrated by means of a standard mutual inductance, permanent^ 
introduced into the circuit. The calibration was done by a standard ammeter. 
The current oscillograph was calibrated by means of the same ammeter; 
in this way the constant of the coil was determined relative to the absolute 
value of the mutual inductance, independently of the absolute accuracy of the 
ammeter.

Great care was taken to use such a bifilar arrangement of the leads connect
ing the search coil with the ballistic galvanometer that no e.m.f. was induced 
in the circuit from these leads.

A control experiment was made in which the coil was short-circuited during 
the whole experiment; no deflection of the galvanometer was obtained, show
ing that no e.m.f. was induced in the connecting leads between the coil and the 
ballistic galvanometer. The current in the large coil was measured by an oscillo
graph connected to a shunt, in the usual way, as described in the previous 
paper.1

From a series of experiments carried out with various field strengths ranging 
from 45 to 250 kG, it was found that the steel ring gives a constant contribu
tion of about 3800 gauss, the steel ring being well saturated when the field inside 
the coil is below 45,000 gauss. Thus, to determine the field inside the coil it is 
necessary to multiply the current taken from the oscillogram by the constant 
of the coil (the coil shown in Fig. 6 has a constant of 23-2) and to the value ob
tained add 3800 gauss. In Plate 14 the current at the moment marked reached 
the value of 10,700 amperes, and the field inside the coil was 253-7 kG. Agree-
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ment between different readings was within 1 per eent whieh is quite sufficient 
for our present researeli. There are, however, no obvious reasons why the accur
acy cannot be increased, if necessary.

7. T h e  E x p e r i m e n t s

From this general description it can be seen that practically all the apparatus 
has to be specially made and designed for our experiment. During the experi
ment three men at least are required for the manipulation of this apparatus: 
one watching the machine and the switch, one attending to the oscillograph, 
and another adjusting the speed and the exeitation of the generator, operating 
the switches and manipulating all the buttons. By means of electrical signals 
each one of the workers announces that he is ready and then the button is 
pressed and the whole experiment is done automatically. I t  took some time to 
make the various arrangements work smoothly and reliably.

I t  must be remembered that the power brought into play in each experiment 
is very large. For instance, the energy released in a single experiment approaches 
that of a field gun. The amount of the energy involved in an experiment is 
very easily felt from the explosions which occur when the eoils burst. Great 
eare must be taken to avoid accidents.

Both forms of the current wave have been used in the experiments. The 
first is approximately sinusoidal and has been shown in Plate 14. The second, 
shown in Plate 15, has a flat top and is obtained by using the two exeitation 
windings. From both these oscillograms it will be seen that ripples arc present 
in the current wave, these being produced by the teeth and slots of the machine. 
The amplitude of these ripples diminishes with increasing saturation as can be 
seen from the fact that the ripples are smaller in Plate 14 where the flux 
density is higher than in Plate 15. In the present experiment these ripples arc 
of no importance, but if required they ean be eliminated by the use of 
condensers.

In Plate 15 the time scale is introduced by means of a synchronous motor 
and interrupter in the light beam. The potential across the break is shown 
on both oseillograms by a separate curve.

At present, using the coil described in one of the previous paragraphs, and 
shown on Fig. 6, the maximum fields obtained were 320 kG, and in this case 
the maehine was run at 1500 r.p.m., about half its maximum speed, only 
about one-fifth of the available power being used. By using the full power we 
may expeet to obtain fields up to 700,000 gauss with the coil; and, if we dimi
nish the inside opening of the coil from one cm to half cm, still leaving suffi
cient space for several experiments, it is hoped to obtain fields up to 900 kG. 
The present eoil shows no sign of giving way, although many heavy discharges 
have passed through it, but as the force inside the eoil reaches a value for whieh 
no experimental data exists, it is very difficult to be eertain when the limit of 
the coil will rcaehed. The power at present used is ten times larger and the 
fields three times greater than was used in my experiments with the accumu
lators. As we advanee further, still larger powers must be used; this will involve
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special precautions in experimenting, gradually increasing the power step by 
step. So far experiments have been confined to magnetic fields not greater than
350,000 gauss. Experiments have just been made on the change of resistance 
of bismuth in magnetic fields up to this limit. In a field of about 300,000 gauss, 
at a temperature of liquid air the resistance of bismuth increases 1000 times, 
and 50 times at a normal temperature. These changes of resistance are easily 
observed by oscillographic methods, and it is hoped to publish a paper on this 
subject shortly.

In order to carry out these experiments, a special Laboratory has been 
arranged and a set of machines of special design have been constructed. This 
work has only been possible by the continued support of the Department of 
Scientific and Industrial Research, who have defrayed the whole cost of the 
installation and of the experiments. We are much indebted also to Sir William 
Pope for providing an admirable Laboratory in which to carry out the experi
ments .

In the design and installation of the apparatus, many difficult technical and 
practical problems w'ere encountered, and the successful accomplishment 
of the work owes much to the help so freely afforded to me by many scientific 
men and by the firms who constructed the apparatus. In addition to those 
already mentioned, I am especially indebted for the advice and help given by 
Mr. H. T. Tizard, Mr. F. E. Smith, Mr. H. J. Thomson, Mr. A. P. M. Fleming, 
Mr. G. McKerrow, and many others.

My personal thanks are due to Mr. J. D. Cockcroft for much valuable help 
given me in testing and installing the large generator and in special calculations 
on the machine and coil, and to Mr. E. Laurmann for his assistance in the con
duct of the experiments and in the design of special apparatus.

I  would most particularly like to thank Sir Ernest Rutherford for his help 
and for the very keen interest he has shown during the whole course of the 
work, and for his appreciation and support of the ideas involved.
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17. THE STUDY OF THE SPECIFIC RESISTANCE 
OF BISMUTH CRYSTALS AND ITS CHANGE 
IN STRONG MAGNETIC FIELDS AND SOME 

ALLIED PROBLEMS*

It has been shown that during the process of the growth of bismuth 
crystals a small strain set up in the material has a great influence on the 
orientation of the trigonal axis of the crystal lattice. This strain has the 
effect of changing the perfect cleavage plane from being one of the pseudo- 
octahedral planes to one of the three remaining planes of the same pseudo
octahedron according to the character of the strain.

In order to obtain crystal rods with the perfect cleavage plane orientated 
in any desired direction relative to the axis of the rod, no strain must be set 
up in bismuth during crystallisation, and a method is described by which 
this is effected.

Further, it has been shown that during the process of the growth of 
bismuth crystals, cracks and imperfections are developed in the lattice which 
account for the variation of the specific resistance in bismuth observed in 
previous researches.

It has been shown that in the case of a perfect crystal the specific resistance 
along the trigonal axis is T38 x 10“4 ±  1 per cent and perpendicular to the 
axis T07 x 10~4 ±  1 per cent at a temperature of 16°C.

The origin of the cracks is studied and it is found that they are produced 
during cooling at a temperature very near to that at which bismuth is solidi
fied. The character of these cracks depends chiefly upon the temperature 
gradient at the point where the bismuth is crystallised.

It has been shown that a perfect bismuth crystal at room temperature will 
probably have no well-defined cleavage plane and is very flexible.

The hypothesis put forward to explain the origin of the cracks is that 
there are two crystalline bismuth modifications; one of them at present 
unknown, but which is probably cubic, is transferred to the ordinary rhombo- 
hedral modification at a temperature slightly lower than the melting point.
This transition is accompanied by a change of shape which accounts for the 
occurrence of the cracks. On the basis of this hypothesis and the phenomena 
stated in this paper, several physical properties of bismuth have been 
explained.

A description is given of a method for measuring the change of resistance 
of a conductor when it is placed in a magnetic field which exists for 
1/100 second.

The study of the change of resistance is made possible by the fact that 
larger current densities are permitted in the conductor, for such a short time, 
without heating the conductor, and no specially sensitive apparatus is 
required. The measurements can be made with an oscillograph.

A special switch is described which permits the current to be sent through 
the investigated conductor for a very short time, during the existence of the

* P. L. Kapitza, The study of the specific resistance of bismuth crystals and its change 
in strong magnetic fields and some allied problems, Proc. Roy. Roc., A115), 358 (1928).
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magnetic field. The make and break of this switch may be adjusted relative 
to the current wave through the coil, which produced the magnetic field with 
an accuracy of about 1/5000 second.

The experimental arrangements are described which permit the study of 
the change of the resistance of bismuth crystals in a magnetic field at 
different temperatures.

The elimination of errors, due to the induction effects and heating up of 
the crystal during the process of measurement, are discussed.

A method is described by which it is possible to eliminate the time lag 
phenomenon in the measurement of the change of resistance of bismuth 
in a magnetic field.

Experimental results are given for the change of the resistance of bismuth 
crystals when the current is perpendicular to the magnetic field, for different 
orientations of the axis of the bismuth crystal relative to the magnetic field.

The measurements have been made at 290°, 193° and 91° absolute.
It has been shown that the impurities and imperfections in the crystal 

lattice greatly influence the change of the resistance of bismuth. This is 
specially noticeable at low temperatures and in strong magnetic fields.

The change of resistance in a magnetic field of an ideal perfect crystal is 
discussed. It has been shown that in weak fields the change of resistance 
follows a square law and in strong fields it follows a linear law. The linear 
law of the change of resistance is practically independent of the orientation 
of the crystal relative to the magnetic field.

The case when the current is parallel to the lines of force of the magnetic 
field was also investigated for different orientations of the crystal axis relative 
to the magnetic field and a “ saturation effect” was found. The change of 
resistance in this case is very small, is not much affected by the temperature, 
and its magnitude is strongly affected by the imperfection of the crystal. It 
is suggested that this small change of resistance is due to the imperfection 
of the crystals and to the defective aligning of the current in the crystal with 
the direction of the lines of the magnetic field.

Experiments are described in which it was attempted to make perfect 
bismuth crystals by direct deposition of bismuth vapour in vacuum on 
cooled plates. The experiments for obtaining single crystals were unsuccess
ful, but by studying the change of resistance in a strong magnetic field of 
the deposits obtained, it was possible to clear up certain phenomena previously 
observed in thin bismuth layers.

A rough investigation was made of the residual c.m.f. which occurs in 
bismuth in a magnetic field when a current is passing and which accounts for 
the time lag phenomenon. It is shown that the ratio of the residual e.m.f. to 
the resistance is independent of the strength of the magnetic field in the 
region of investigation, but is strongly affected by the orientation and by the 
perfection of the crystal.

A general discussion is given on the failure of the present theory of metallic 
conductivity to account for the phenomenon of the change of resistance in a 
magnetic field and in this connection some suggestions arc made.

I n t r o d u c t i o n

I t  is well known th a t in a m agnetic field bism uth shows a greater change of 
resistance than any other substance, and it  is also know n th at in the case of a 
crystal this phenom enon varies very much w ith the orientation of the crystal. 
A great deal of literature exists on this subject.1
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The general view of the phenomenon is that the increase of resistance is 
largest when the cleavage plane of the crystal is parallel to the magnetic field, 
and when the current is flowing perpendicular to it. I t  is also known that the 
resistance in a magnetic field increases very rapidly with decreasing tempera
ture. A complication in all these phenomena arises through certain time lags. 
When a current is passed through bismuth placed in a magnetic field, the 
resistance at the first moment is large, and then gradually decreases to its 
final value. This time lag accounts for the fact, first discovered by Lcnard, 
that bismuth has a larger resistance for alternating currents than for direct 
currents. This phenomenon also depends on the crystal state of the bismuth.

In the present experiments both these phenomena in bismuth crystals have 
been studied, using strong magnetic fields up to 300 kG, obtained by the method 
recently described.2 The magnetic field obtained by this method lasts for only 
about 1/100 sec, so that a special method had to be developed for measuring 
the changes of resistance occurring in such a short time. As the space available 
in the coil for the experiment is only 2 cm3, very small samples of bismuth, in 
the form of rods, must be used. These rods cannot be successfully cut out 
from a large block of crystal, as it is well known that the surface is disturbed 
to a considerable depth by such operations. I t  was therefore decided to develop 
a method of growing bismuth crystals in the form of small rods, in which the 
crystal planes have a given orientation. This proved to be a more difficult 
task than had been anticipated. Several ways of attack were tried before a 
satisfactory method was found.

In working out this method of growing rods of bismuth crystal, the author 
noticed certain phenomena which bear a close relation to those observed in the 
magnetic field and these will be discussed in some detail. This paper is accord
ingly divided into three parts, the first dealing with the method of growing 
bismuth crystals, the second with the methods of measurement, and the third 
with the magnetic phenomena.

P a r t  I .  T h e  G row th  of C ry s ta l R o d s  w ith  a  D e fin ite  O rien ta tio n  

of the C ry s ta l P la n e s  a n d  the S p ec ific  R e s is ta n c e  of B ism u th  C ry s ta ls

1. E x p e r im e n t s  in  Gr o w in g  B ism u t h  Cr y s t a l s

Bismuth was one of the first metals to be obtained in large crystals, and it is 
considered to be one of the substances which crystallises most easily. Bismuth 
crystallises in the hexagonal system, and its crystallising symmetry is that 
of the rhomboliedron, which approaches very closely to a cube. It has a 
trigonal axis, and perpendicular to it a perfect cleavage plane ivhich is one of 
the four pseudo-octahedral planes. The other three pseudo-octahedral planes 
arc also cleavage planes, but are not nearly so good as the one perpendicular 
to the axis. These cleavage planes are easily distinguished from each other. 
In 'a good crystal the perfect one has three sets of lines of equal strength inter
secting at an angle of 60°. These lines run parallel to the lines of intersection
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of the three imperfect cleavage planes of the pseudo-octahedron. An imperfect 
cleavage plane has three sets of lines also, but one set (which is parallel to 
the perfect cleavage plane) is very strong, and the two sets parallel to the 
remaining imperfect cleavage planes are weak. The angle between the weak 
lines is 65° 28', and between the strong and the weak 57° 16'.

Along the trigonal axis and perpendicular to it practically all the physical 
properties of bismuth are found to differ. Thus the electrical conductivity 
along the trigonal axis is smaller than that perpendicular to it. The same is 
true of the thermal conductivity, while the magnetic properties are also 
different.

For our experiments we required two sets of crystal rods—one with the 
perfect cleavage plane perpendicular to the length of the rod, i.e., the axis of 
the crystal parallel to the axis of the rod; and the second with the crystal
lographic axis perpendicular to the length of the rod. For the various inter
mediate positions practically all the phenomena can be generally deduced by 
the well-known methods of tensor analysis.

The size of rod required for our experiments was about 3-5 mm in length, 
with a cross-section of about 1 mm2.

We first tried to obtain such rods by growing them in small glass tubes, 
of a diameter of 1 mm filled with fused bismuth, and then slowly cooling 
them from one end—a method similar to that used by Obreimow and Schub- 
nikow3 and Bridgman.4 The glass is then dissolved in hydrofluoric acid. In 
each of these rods the angle between the perfect cleavage plane and the axis 
of the rod varied from 0° to 60°, but not a single rod had the cleavage plane 
perpendicular to the axis of the rod. I t  is worth mentioning here that Bridg
man4 in all his numerous experiments on the growth of bismuth rods never 
obtained a larger angle than 45°.

We then tried a modification of Czochralski’s 5 method of growing crystals 
in which the rod is drawn from a crucible filled with molten bismuth. The 
rod is cooled and the bismuth is solidified slightly above the level of the molten 
bismuth in the crucible. The rods obtained in this w7ay are fairly circular but 
of variable diameter. In order to obtain rods of a given diameter we modified 
this method, and instead of keeping the molten bismuth in a crucible we used 
a vertical pyrex tube of 5 mm cross-section and about 5 cm in length. At the 
top end the tube was drawn to a nozzle of a diameter slightly larger than the 
required rod; at the bottom the tube was fitted with a glass piston with 
asbestos filling. The tube was wound "with a few layers of niclirome wire, 
with asbestos insulation, and a small current through this winding was sufficient 
to keep the bismuth in a molten state. The crystal was grown from the nozzle 
by bringing a small piece of bismuth into contact with the meniscus of molten 
bismuth on the nozzle, and then very uniformly and slowly pulling it vertically 
up. By means of a simple mechanical device it was arranged that the asbestos 
piston was moving quite uniformly with the growing crystal rods, but with a 
reduced velocity, and thus forcing the necessary amount of bismuth through 
the nozzle. To obtain uniformity of motion, an electric motor with a reduction 
gear was used.
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In this way it was possible to obtain uniform rods of 1 mm2 section, but 
not a single one of these rods had the angle of the perfect cleavage plane closer 
than 30° to the perpendicular plane of the rod.

Georgieff and Schmidt6 used the Czochralski method for growing rods of 
bismuth crystal, but in all their specimens they did not obtain a closer approach 
of the cleavage plane to the perpendicular than I obtained in these experiments.

Further attempts were made to force the rods to grow with the cleavage 
plane perpendicular to the length by growing them from a definite plane. This 
was done in the following way. On the cleavage plane of a large crystal, grown 
in a crucible and broken along the cleavage plane, was placed vertically a 
small 1 mm bore glass tube filled with bismuth. The glass tube was surrounded 
by a short platinum spiral of a slightly larger diameter, which could be heated 
by a current, and by means of clockwork moved, without touching the tube, 
along its length. The spiral was first placed on the bottom of the rod, and 
the current was passed until the bismuth melted, and the rod sank slightly into 
the big crystal. The bismuth could not flow out of the glass tube as it was held 
back by the barometric pressure. Clockwork was then set in motion and the 
spiral was gradually lifted, melting the bismuth higher up in the tube and 
letting it solidify at the bottom. In this way it was expected that a large 
crystal would grow in the glass tube with the required orientation.

The other method of drawing the crystal rod from the nozzle was used for 
the same experiment. In this case the small bismuth rod from which the crystal 
starts to grow was cut out of a big piece of crystal with its cleavage plane 
perpendicular to the length.

In neither case was a positive result obtained. What actually happened 
was that in the rod grown in this way a cleavage plane was perpendicular to the 
rod; this was not the perfect cleavage plane, but one of the remaining three 
planes of the pseudo-octahedron. This was easily established by looking at 
the plane under the microscope and also from the specific resistance measured 
along the rod.

From this experiment it is evident that there was a quite definite cause 
preventing the crystal from growing along its trigonal axis. Later we shall 
give what is probably the true explanation of these interesting results, but at 
first we attempt to explain them in the following way.

I t  is known that bismuth crystals should grow best in a direction along the 
perfect cleavage plane, as in this direction the crystal has the maximum heat 
conductivity and a closer packing of the atoms. As in the two methods of 
growing the crystal the thermal gradient was along the rod, and as the rod 
is growing along the gradient, the above-mentioned properties of the bismuth 
crystal could conceivably account for the failure to grow rods with the perfect 
cleavage plane perpendicular to the length. An attempt was therefore made to 
set up a temperature gradient more or less perpendicular to the axis of the rod. 
This was done in our first method by placing the platinum spiral on one side of 
the glass rod and a small copper plate on the other side. In the second method 
the perpendicular gradient was also established by means of a plat inum spiral and 
a copper plate placed on opposite sides of the nozzle. In both cases, however,
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after making a great number of attempts, we were unable to obtain bismuth 
rods having a perfect cleavage plane perpendicular to the axis of the rod.

The results were exactly similar to the previous ones; if a rod was started 
from a perfect cleavage plane of a given crystal, the perfect cleavage plane 
would change in the grown rod to an imperfect one, and the angle between 
the perpendicular plane of the rod and the perfect cleavage plane would never 
be less than 30°. I t  was therefore clear that another factor was preventing the 
growth of the crystal with the perfect cleavage plane perpendicular to the axis, 
and the only possible assumption was that this factor was the strain set up 
in the crystal during its solidification. In the first method with the glass tube, 
the strain may be due to the fact that during its solidification bismuth increases 
in volume by about 3 per cent. This can easily be noted by the fact that in 
cases where the glass tube had thin walls it cracked during the process of the 
solidification of bismuth. In the second method, as the bismuth solidified only 
"3-4 mm from the edges of the nozzle, the strain was longitudinal, due to the 
weight of the liquid part of the rod.

I t  was therefore decided to use a method by which no strain is set up during 
the process of the growth of the crystal. This was accomplished in the follow
ing manner. A copper plate a (Fig. 1), about 25 cm long, 1 cm thick and 5 cm 
broad, had one end fastened to a stand b, and on the other end was wound, 
for about 5 cm, a heater c of nichrome wire insulated with asbestos. When the 
current was sent through the wire the plate was fairly uniformly heated, having 
a small gradient of temperature from the heated end towards the supported end. 
A bismuth rod d, with a diameter of 1-2 mm, was placed on a glass or quartz 
plate in the middle part of the copper plate a. In order to prevent the cooling 
of the rod by accidental air currents, it was protected by glass plates which 
were placed at the sides and on the top of the rod, as is shown in cross-section 
on the small drawing (A). A steady current of 2-5 amperes at GO volts, from 
accumulators, was sent through the winding of the heater and the plate wras 
heated to a temperature at which the bismuth began to melt, this requiring 
about 30—45 min. When liquid, as a result of surface tension and a small 
layer of oxide, the rod kept its circular shape very well and was scarcely 
deformed at all. When the rod was melted the cooler end wras pulled out by 
touching it with a small glass rod so as to make a small sharp appendix. (This 
appendix is necessary for the same reason as in Obreinow’s method of growing 
crystals in glass tubes, wiiere the end of the glass tube was dra \vn to a capillary, 
this making it much more certain that the crystal will commence growing in 
one spot and will produce a monocrystallinc rod.) After this the current wras 
very slowly diminished and the rod commenced to solidify from the sharp 
end of the appendix, crystal rods being obtained in this way. After a fcwr 
experiments it was found that in such a way it was possible to obtain rods with 
the cleavage plane orientated at any angle relative to the axis of the rod. 
In order to make certain that the rod is monocrystallinc the solidification time 
has to be not less than half an hour for a rod 7-10 cm long.

To obtain the desired orientation of the cleavage plane in the crystal, the 
following method was adopted. A piece of rod, about 2 or 3 cm in length
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(obtained by the method described above), was broken off from a long rod along 
the cleavage plane. A second bismuth rod was then melted on to the first rod 
in such a way that the cleavage plane formed the desired angle with the axis 
of the new rod. This was done in the following way. The first rod was fixed 
on to a glass plate by means of clamps and the second rod was then approached 
at the required angle which was drawn on a paper placed under the glass 
plate. Then a small gas flame, about 3 mm long, obtained from the end of a 
capillary glass tube, was brought to the point of contact between these two 
rods. The bismuth commenced to melt and the rods were slightly pressed 
to each other. This melting process was slightly tricky, as sometimes a layer 
of oxide may come in between the joint and spoil the experiment. In order to

avoid this it is necessary to melt the rods with the middle part of the flame 
only, where there is an excess of gas, as this prevents oxidisation. The two rods, 
melted together in this way, were placed as before, on the glass plate on top of 
the copper plate, in such a manner that the already crystalline part of the 
rod was on the cooled end of the plate a as shown on Fig. 1. The rods were 
protected from any air currents, except that the outside half of the already 
crystalline rod was uncovered. This increased the gradient of temperature in 
this part of the rod when the plate was heated.

The process of growing the crystal is very similar to the previous one. The 
copper plate is heated up and the bismuth is melted, but in this case it is done 
in such a way that only half of the already crystalline rod is melted.

I t  is worthy of mention that the heating of the rod must be done very 
carefully, as the gradient of temperature is very small, and it is very easy to 
melt the whole of the rod, including the part from which the crystal is growing. 
This difficulty can be avoided by fixing a thermocouple near the rod and 
recording the temperature accurately, or by placing small pieces of bismuth on 
various parts of the copper plate near the rod, and touching them with glass 
rods to see when they have melted. Otherwise it is very difficult to see when the
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rod begins to liquefy. When the rod was slowly cooled it grew in a crystal in 
which the cleavage plane was orientated towards the axis of the rod at the 
necessary angle. In this way, crystals of any given orientation of the cleavage 
plane towards the axis of the rod could be obtained without difficulty, with an 
accuracy of 1° to 2°.

The bismuth used for our experiments must be of high chemical purity. 
We used bismuth obtained from Kahlbaum and from Hartmann and Braun. 
The latter firm supplied bismuth already drawn in wires of the required dia
meter of 1 mm. From Kahlbaum’s bismuth, supplied in lump form, rods of the 
necessary diameter can easily be made. This can be done by pressing bismuth, 
in a warm condition, through a hole, or filling a small thin-walled glass tube 
with molten bismuth and dissolving the glass in hydrofluoric acid after solidi
fication. From experiments in magnetic fields it was seen that Hartmann 
and Braun’s bismuth has a higher degree of purity than that of Kahlbaum 
and is therefore more suitable for our experiments.

2. S p e c i f i c  R e s i s t a n c e  of B i s m u t h  Cr y s t a l s  P e r p e n d i c u l a r

to t h e  Cl e a v a g e  P l a n e

I t  is Avell known that the specific resistance of bismuth crystals is greater 
perpendicular to the perfect cleavage plane than parallel to it, but the actual 
values of the specific resistance in either direction obtained by various authors 
differ considerably. This is particularly noticeable in the data for the specific 
resistance perpendicular to the cleavage plane. We find that the values range 
between T6 and 2-06 x 10-4 (Matteucci, Everdingen, Voigt, Lownds, Borelius 
and Lindh). In this section we shall describe the results of our measure
ment of the specific resistance in this direction, and we propose to give an 
explanation of the discrepancies observed in previous investigations.

The measurement of the specific resistance of crystal rods, grown by our 
method with a definite orientation of the axis, was carried out by measuring 
the resistance of a rod 2 or 3 cm long by a potentiometer method. Two readings 
were taken with the current in opposite directions through the rod so as to 
exclude the thermo-electric effect, and the mean value taken. The cross-section 
was determined from the weight and the length of the rod by taking the 
specific gravity of bismuth to be 9-80.* In our measurements we did not aim 
at an accuracy greater than 1 per cent.

To our surprise we found that the specific resistance perpendicular to the 
cleavage plane varied with different specimens of crystal rods. The loAvest. 
obtained Avas 1-39 x 10~4 and the highest 1-6 x 10~4. The fact that crystal 
rods groAAm in approximately the same Avay, and from the same material, should 
shoAv such a difference in specific resistance Avas remarkable.

We found some hints as to the explanation of this phenomenon in the Avork 
of Borelius and Lindh.7 These authors observed that a specimen of bismuth

* We took this value from our tables and also verified it by direct measurement.
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crystal, cut out from a large crystal, perpendicular to the cleavage plane, 
diminished its resistance when placed in the holder of their apparatus, where 
the compression was mainly axial.

We therefore decided to take different samples of our crystals and study the 
change of the specific resistance when compressed. The arrangement used is 
shown on Fig. 2.

The bismuth rod a, which is grown with its cleavage plane perpendicular to 
its length, is placed vertically and rests on a support b which is fixed to a vertical 
ebonite plate c. This plate is fastened to the table. The bottom end of the 
bismuth rod a rests on a platform d. This platform, when lifted, will compress 
the crystal. To ensure a parallel motion of the platform it has a guide, made of

a small rod, which slides through a cylindrical hole in the brass piece e, fixed 
to the plate c. The compression is transmitted to the crystal by means of an 
arrangement shown on the same figure, and which consists of a lever /, two 
strings g and a small horizontal plate h. When the lever is loaded the crystal 
is compressed. This little apparatus has to be rather carefully made, and the 
rod accurately adjusted, as it is very easy to bend the crystal during the com
pression and then the experiment is spoilt. I t  is also necessary for the dia
meter of the bismuth specimen to be correctly proportioned to its length. We 
find that the ratio of the diameter to the length should be about 1 : 6, to pre
vent it from bending.

The resistance was obtained from the potential drop in the rod when a 
current was passed. The current leads consisted of two fine copper strips, 
i and k, soldered by means of a soft solder (Wood’s metal or Newton’s metal) 
to the ends of the bismuth rod a. The two potential leads, I and m, are of fine 
silver wire (d =  OT mm), and are welded to the rod by means of a spark from 
a condenser. This is done by a well-known method. The bismuth rod is con
nected to one end of a condenser (50 fxF) through a small resistance, and the 
silver wire to the other end. The condenser is charged to 20-30 volts, and it
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is then sufficient to touch the bismuth rod at the place where we wish to 
make the joint with the end of the wire. A small spark occurs and the wire 
is well joined. A good point joint is obtained in this way without spoiling the 
crystal. The potential drop was measured by a high resistance (about 500 ohms) 
galvanometer n. To exclude the influence of the thermal e.m.f.s two readings 
are necessary with opposite directions of the power current.

On Fig. 3 the experimental results are shown for several rods which have 
different initial resistances. The abscissae represent the load in grams per 
square millimetre, and the ordinates the specific resistance. For clearness the 
three curves are shown one above the other. The bottom curve (i) relates to a

Fig. 3

compression of a rod made from Hartmann and Braun bismuth and grown in 
the way described in the previous section. The rod of curve (ii) is made 
in a similar way, but of bismuth from Kahlbaum. Curve (iii) refers to a rod 
made from Kahlbaum bismuth, but cut out of a large crystal grown in a 
crucible.

I t is seen that the resistance of various rods in a compressed state approaches 
1-39-1-4 x 10-4, within the limits of experimental error. After the com
pression reached the value of about 50 g/mm2 the resistance of the rods did 
not change appreciably.

These experiments suggest that bismuth rods have “ cracks” of appreciable 
resistance along their cleavage plane, and that by means of the compression 
these cracks close and thus diminish the resistance. The limiting value of the 
specific resistance, 1-39 x 10~4, is reached when all the cracks have closed. This 
view is strongly supported by the general character of the change of the 
resistance of bismuth as it approaches the limiting value under compression.
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The diminution of the resistance for different specimens occurs in various 
ways and sometimes occurs in jumps, as is seen on Fig. 3. When the load is 
taken off, the resistance increases again, but there is generally a tendency for 
the crystal to retain the smaller resistance, and the final resistance of bismuth, 
after unloading, is smaller than the initial one (see curves i and ii). A slight 
pull on the crystal brings the resistance to the initial value, and sometimes 
makes it higher.

From this experiment we came to the conclusion that the true specific resis
tance of the bismuth crystal perpendicular to the cleavage plane is 1-39 x 10~4, 
and the higher value observed in different specimens, both by myself and other 
authors, is due to the cracks which develop in bismuth, not only during the 
process of cutting out the rod, but during the growth of the crystal. This 
development of cracks during the formation of a crystal is a very interesting 
phenomenon indeed, and we shall discuss the question later in more detail.

At this stage, mention should be made of the recent work of Bridgman,8 
involving a very careful determination of the specific resistance of a large 
number of monocrystalline bismuth rods grown in glass tubes. As already 
mentioned, by this method of growing crystals, Bridgman could only obtain 
rods having angles ranging from 90° to 45° between the trigonal axis and the 
axis of the rod. He found that the specific resistance varied for the same 
orientation of the cleavage plane in the rod. He chose three rods having the 
smallest resistance, with the perfect cleavage planes inclined to the axis of the 
rod at angles of 43°, 27° and 4°, and by extrapolation found the specific resis
tance for a rod in which the cleavage plane is perpendicular to the axis of the 
rod, obtaining the value of 1-38 x 10~4 which, taking into account the manner 
in which it was obtained, agrees very well with that found in our experiments.

3. T h e  S p e c i f i c  R e s i s t a n c e  of B i s m u t h  Cr y s t a l s  P a r a l l e l  
to t h e  P e r f e c t  Cl e a v a g e  P l a n e

The results obtained by different authors for the specific resistance of bismuth 
crystals parallel to the perfect cleavage plane vary to a much less extent than 
in the case of the specific resistance perpendicular to the cleavage plane. At 
room temperature the values given range between 1-09 x 10~4 and 1-14 x 10~4.

For our crystals the measurements for a crystal grown on the copper plate 
(shown in the apparatus given in Fig. 1) gave values ranging between 1-07 
and 1-14 x 10~4, this being even a larger variation than that obtained in the 
results of previous investigators. In this case it is hardly possible to attribute 
the variation to cracks. No compression experiments are possible with bis
muth rods grown in this direction, as they are too soft and bend very easily. 
The reason for this variation of the specific resistance is probably to be found, 
as will be seen from later experiments, in the fact that the trigonal axis changes 
its direction in certain very small parts of the bismuth crystal. This explana
tion leads us to believe that the lower value is the correct one, and this also 
does not differ greatly from the value given by Bridgman8 (1-09 x 10 ~4).
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4. T he  I n f l u e n c e  of I m p u r i t i e s  a n d  of the  T e m p e r a t u r e  
Gr a d i e n t  on t h e  F o r ma t i o n  of B i s m u t h  Cr y s t a l s

The variation in the specific resistance in different directions of the bismuth 
crystal, discussed in sections 2 and 3, is ascribed to the imperfection of the 
crystal, which is due to cracks formed along the perfect cleavage plane or to 
local variations of the crystallographic axis. Since in our method of growing 
the crystal all outside strains are eliminated and the specific resistance is 
measured without any strains being produced by the process of cutting it from 
a large lump of crystal, or removing it from a glass tube, as in previous investi
gations, we must conclude that this imperfection occurs during the process of 
the formation of the crystal.

In this case the imperfection may be due to two sources; first, the wray in 
which the crystal is cooled, and secondly, the chemical purity of the bismuth. 
The study of these two factors will be described at length in this section, and

it will be seen that in this way some light is thrown on the problem of the 
source of the cracks. In the first place the effect of the influences of the tempera
ture gradient on the growth of the crystal is discussed.

In order to vary the temperature gradient perpendicular to the axis of the 
bismuth rod, we used the arrangements shown on Fig. 1 by the small drawings 
A, B and C. These drawings represent different arrangements used for cover
ing the bismuth rod d which is resting on the copper plate a. In the arrange
ment shown on Fig. 1 B, the rod is covered by means of a solid copper plate 
with a channel. I t  is clear that here the temperature gradient perpendicular to 
the rod is very small. If a glass plate I, Fig. 1 A, is used, instead of a copper 
plate, the temperature gradient is increased, since the rod is cooled more 
rapidly from the top. Finally, if in the place of a glass plate we have a small 
copper vessel containing water m, Fig. 1 C, the temperature gradient is still 
more increased.

In order to alter the gradient- along the crystal rod we varied the cross- 
section of the copper plate a. I t  was found, however, that such a method did 
not give a sufficient increase of the temperature gradient along the rod, and 
therefore an arrangement, shown on Fig. 4, was used, whereby it was possible 
to obtain a very large temperature gradient along the rod. This apparatus 
consisted of a solid copper plate a having a square opening in the middle.
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Above this opening was placed a small spiral c made of platinum wire. Through 
this spiral a pyrex or quartz tube /  can be moved by means of a frame e which 
is sliding on the copper plate a. The tube / is resting on the copper plate a, 
and is directed in its motion by passing through a hole made in a small copper 
appendix d which is fixed to the copper plate a. The bismuth rod b is resting 
quite freely in the tube /. The crystal is grown in this apparatus in the follow
ing way.

A current is passed through the spiral, which heats up the bismuth rod 
locally to a temperature which is sufficient to melt the bismuth. By means of 
clockwork the tube is pulled very slowly and uniformly through the platinum 
spiral and fresh portions of the bismuth rod enter the spiral and are melted. 
On the other hand the bismuth which is already melted is cooled and it then 
enters the hole in the copper appendix d. In this way the whole rod is gradually

Fig. 5

turned into a crystal. I t  is obvious that by adjusting the distance between the 
copper appendix d and the spiral c any very large temperature gradient may 
be obtained along the rod. By means of an arrangement (not shown in Fig. 4) 
the spiral and the heated part of the tube were protected from air currents.

To obtain rods with a given orientation of the cleavage plane from crystals 
grown with this apparatus, the following method was adopted. A short rod 
with the required orientation of the cleavage plane was prepared on the copper 
plate of the old apparatus shown on Fig. 1, in the way already described in 
section 2. This rod was then placed in the tube in such a way that the join 
was slightly to the left of the spiral, and the already crystalline portion passed 
through the hole in the copper appendix d in the cool region. I t is therefore 
evident that in this way all the rod will be turned into a crystal having the 
same orientation of the crystal axis as in the appendix.

Finally, in order to have a very small temperature gradient in all directions, 
the simple arrangement in Fig. 5 was used. This consists of a solid copper block, 
in the form of a cylinder a, with a small central bore /. This cylinder was 
warmed by means of ail electric heater b. In order to have the cylinder at a 
very even temperature it was wrapped up in asbestos. The bismuth rod d 
was freely placed in the glass tube c and inserted in the hole /  of the cylinder,



166 C o lle c te d  P a ter s  o f  P. L. K apitza

as shown on Fig. 5. In all this apparatus it was found that the current had to 
be supplied by accumulators in order to obtain the requisite steadiness.

To obtain the required orientation of the cleavage plane, the bismuth rod 
was prepared in exactly the same way as in the previous case. The method 
of growing the crystal was very simple. The cylinder a was heated up to a 
temperature such that the bismuth rod was melted a little farther from the 
place where it was joined to the crystalline rod and was then very slowly cooled 
down by reducing the current of the heater. The moment at which the tempera
ture was sufficient to melt the bismuth was recorded by the thermocouple e, 
which was placed just above the point where the two rods joined. I t  is worth 
mentioning that in this method, as in the previous ones, for obtaining good 
crystals, it is advisable to make one or two reductions in section on the rod 
(see Fig. 5). The rod is then certain to be monocrystalline.

In growing the various bismuth crystals by these three methods, and in 
varying the orientation of the perfect cleavage plane relative to the tempera
ture gradient, the following phenomena were observed.

I t  is known th a t6 the flexibility of monocrystalline bismuth rods varies with 
the orientation of the perfect cleavage plane relative to the axis of the rod. 
When the perfect cleavage plane is parallel to the axis of the rod, the rod is 
fairly flexible, but the flexibility diminishes very rapidly as the cleavage plane 
approaches a perpendicular orientation to the axis of the rod. Rods in which 
the cleavage plane is perpendicular to the axis are stated to be very brittle, but 
in our methods of growing crystals we observed that the flexibility of rods 
with the same inclination of the cleavage plane, grown with a different tempera
ture gradient, varies greatly. In some instances it was possible to obtain very 
flexible bismuth rods in which the perfect cleavage plane was only a few degrees 
from being perpendicular to the axis of the rods. For example, one rod with 
its perfect cleavage plane only 15° out of the perpendicular position could be 
bent in a radius of curvature of 3 mm as easily as a rod made of tin. Another, 
with the same orientation of the cleavage plane, was so brittle that, when falling 
on to a table from a height of a few centimetres, it broke into many small 
pieces along its cleavage plane. The difference between the flexible and the 
brittle bismuth can also be seen from the following facts. During bending, 
the less flexible rods, if held close to the ear, emitted cracking sounds, whereas 
others, being more flexible, did not. I t was easily established that the more 
flexible the rod the less cracking sounds were produced on bending.

I t  was observed that there is a close relation between the flexibility of the 
rod and its specific resistance. All the flexible rods gave the same specific 
resistance, and this resistance corresponded to the two lowest values given for 
the crystal. I t was a curious fact that even after a flexible rod had been con
siderably bent, if no cracking sound was heard the specific resistance increased 
but slightly. If, however, cracking sounds were heard the resistance increased 
very rapidly. This suggests that these sounds are probably caused by the 
development of the cracks and imperfections already existing in the lattice of 
the bismuth crystals. As regards cleaving the rod with a knife, the softer 
specimens at room temperature would not cleave at all. The knife would cut
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almost through it before it broke. The brittle specimens were somewhat better, 
but frequently a small piece of the rod would be cut through without showing 
a cleavage plane at all.

We shall discuss later the origin of this difference in flexibility of bismuth 
rods, but will first describe the effect of the temperature gradient and impurities 
on the flexibility of bismuth rods. This was at first difficult to trace, but after 
a large number of experiments we came to the following conclusion.

To obtain the most flexible bismuth rod during the formation of the crystal, 
a very sharp temperature gradient perpendicular to the perfect cleavage plane 
is required. We will first consider the case in which the growing crystal has 
its cleavage plane perpendicular to the axis of the rod. If we grow such crystals 
in the apparatus shown on Fig. 4, with the platinum spiral, we obtain fairly 
flexible crystals, and it is evident that in this case the gradient will be along 
the rod and perpendicular to the cleavage plane. The specific resistance of 
these crystals was always the same and was equal to 1-38 to 1-39 x 10~4. 
This resistance corresponded exactly to the one observed in the rods when they 
were compressed in the way described in section 2 . This means that the rod 
has no cracks. The very flexible crystals which, as mentioned previously, could 
be bent to a radius of 3 mm, were obtained by this method, but only occasion
ally. In none of these flexible rods was the cleavage plane exactly perpendicu
lar to the axis of the rod, but in the case just mentioned we obtained a crystal 
in which it was only 15° from perpendicularity. The most probable reason for 
this is that in order to obtain the most flexible crystals it is necessary to have 
the temperature gradient very closely perpendicular to the perfect cleavage 
plane. In the apparatus shown on Fig. 4 this condition was only approximately 
fulfilled, as the cooling round the rod was not quite symmetrical, and it was 
only in particularly “ lucky” experiments that the condition of perpendicu
larity was fulfilled.

When crystals were grown with this orientation on a copper plate (Fig. 1) 
with a transverse temperature gradient, they were always brittle and their 
specific resistance varied and was always higher than 1-43 x 10 ~4. When 
compressed, this resistance was reduced to the normal value of T38 x 10~4, 
as was mentioned in section 2 .

In growing crystals under the most uniform temperature conditions, as 
produced with the copper cylinder, in the apparatus shown on Fig. 5, we 
obtained the most brittle variety with its cleavage plane perpendicular to its 
length. Some specimens were accidentally dropped on to the table from a 
height of a few centimetres and they broke into many small pieces, which were 
only 2 or 3 mm long. These small pieces were not very brittle and it was even 
possible to bend some of them slightly. The specific resistance of these crystals, 
when carefully handled, would give the normal value of 1-38 x 10~4, but a 
slight strain would at once increase this resistance.

If the crystal was broken by bending, it was observed that the cleavage plane 
in the hard specimens was very perfect and gave a perfect mirror-like reflection. 
In flexible specimens the cleavage plane was slightly uneven, but this uneven
ness of the surface was not due to the crystal itself, but was produced during
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the breaking up, as it depended very much on the way in which the crystal was 
handled. For instance, if the crystal was cooled by liquid air, before being 
broken, the cleaved plane was quite good. (The X-ray analysis described 
later in the paper also confirms the statement that a change of the cleavage 
plane is produced by bending the crystal, as the lattice of the flexible crystal 
shows no traces of being bent.)

When growing crystals with the cleavage plane parallel to the axis of the 
rod, we were able to obtain soft flexible rods only when they were grown on a 
plate (Fig. 1) with a rather strong vertical gradient, and when the cleavage 
plane was almost parallel to the copper plate. The flexible crystals had the 
normal resistance of 1-07 to 1-08 x 10~4, and in some cases these were so 
flexible that if one end of the rod was raised it began to bend under its own 
weight. They could be bent considerably without the least cracking noise being 
heard. I t  was found, however, that it was impossible to obtain an entirely 
flexible rod with its cleavage plane parallel to the length, just as previously we 
could not obtain one with its plane perpendicular to the length. In the best 
flexible specimens the angle was 20° out of parallelism with the axis of the rod. 
The explanation is probably similar to that given for the previous case.

When in the same apparatus the crystal was grown with its cleavage plane 
perpendicular to the copper plate, the rod was never flexible and the specific 
resistance lay between 1T0 and 1T4 x 10 “4. Similarly, in growing this type of 
rod in the apparatus with the platinum spiral, shown on Fig. 4, it was found that 
it was never flexible, and the resistance varied in different cases from 1-10 to 
M 2 x 10-4.

Finally, when the rod was grown in the apparatus, shown in Fig. 5, with 
the most uniform temperature, it always had the smallest resistance, 1-07 to 
1-08 x 10"4, but was invariably not flexible.

The speed of growth of the crystals in all these cases appears to affect the 
crystalline character of the rod very little, provided that it does not exceed a 
certain limiting value. I t  was also noticed that the speed with which these 
crystals are grown, with the perpendicular orientation of the perfect cleavage 
plane, must be less than for the rod with the perfect cleavage plane parallel 
to its axis. In the apparatus of Fig. 4, for the cleavage plane with perpendicular 
orientation, this speed must be no more than 1 mm per minute. For the other 
orientations of the cleavage plane, it may be 7 mm per minute or even greater. 
If the speed is higher, the perfect cleavage plane changes its orientation, or the 
rod is not monocrystalline. In growing crystals on the copper plate of the 
apparatus of Fig. 1, the speed can be much higher, as in this case the crystal 
is now growing along the rod, but in a transverse direction. The surface on 
which the atoms arrange themselves in a lattice is larger and consequently 
they arrange themselves much more quickly.

The second question wc studied was the influence of the impurities on the 
growth of the crystal. In the first instance we made certain that the variation 
in the flexibility of the crystal was not caused by the slight variation in the 
amount of impurity which probably existed in different specimens, by talcing a 
bismuth crystal rod which was flexible, and regrowing half of it at a different
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temperature gradient. I t was then possible to have the first half of the rod 
flexible and the newly grown part brittle.

In general, we found that more flexible rods were produced with greater ease 
from the less pure bismuth. We judge the purity of the bismuth from the 
specific resistance and from some data on the measurements of the change of 
resistance in a magnetic field, which will be described later.

We also experimented in order to determine the influence of the gases which 
are always found in the metals. For this purpose we took a rod of bismuth and 
placed it in an evacuated quartz tube which was made red hot. We kept the 
bismuth at this temperature for about 1 hour, and pumped the gas out of the 
tube during the whole of this time. During this process, precautions were 
taken to prevent the bismuth rod from being broken into drops, by placing 
round it properly shaped quartz rods. After cooling, the bismuth rod was 
placed in the apparatus, Fig. 4, with the platinum spiral, modifications being 
made in the apparatus by which it was possible to keep the tube with the rod 
immobile, and move the spiral. This allowed us to keep the tube evacuated 
while the crystal was grown in vacuum. No appreciable difference in the 
flexibility and specific resistance was observed between rods grown in this 
way and those grown by the usual method. This suggests that the dissolved 
gases have no great influence on the development of the cracks. From all 
these experiments we conclude that the imperfections in the lattice are primarily 
due to the direction of the temperature gradient relative to the orientation 
of the crystal lattice in the place where the crystal is growing.

5. T h e  Or i g i n  of t he  Cracks

I t seemed important to trace the moment at which the cracks appear during 
the growth of the crystal, as this would indicate their origin. We expected 
to find the moment at which the cracks appeared indicated by a sudden change 
in the resistance of the bismuth during the process of growth. For this purpose 
we measured the resistance of the crystal during the process of its growth, 
using the arrangement shown on Fig. 1. Four leads, e, /, g and h, were soldered 
to the bismuth rod. The two middle ones, / and g, were the potential leads, 
and were placed 10 mm apart. The two end ones, e and h, were the power 
leads. The experiment consisted of melting and solidifying the rod by the 
method described in section 1, and growing the crystals with a definite orienta
tion of the cleavage plane. The resistance of the bismuth rod during crystal
lisation was measured by the same method as that used in the compression 
experiment, described in section 2 , only in this case large thermal e.m.f.s 
occurred and three successive readings were necessary for each given point 
with three successively changed directions of the current, the mean value being 
taken in the appropriate way. These experiments looked very simple, but for 
a long time they were quite unsuccessful, as it was very difficult to find material 
to form the leads to the rod. We tried to use silver and platinum wire, but 
these formed an alloy with the bismuth, and during the process of solidification 
they broke off. The problem was solved by making the leads of fine bismuth
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wire, manufactured by Hartmann and Braun, of 0-2 mm in diameter, and 
welding them by a small flame to the rod. The wires were welded at an acute 
angle to the bismuth rod (as shown on Fig. 1) in such a way that they could not 
solidify before the plaee at whieh they joined with the rod. In order to measure 
the temperature a constantan-iron thermocouple a, Fig. 1, made of fine wires, 
was plaeed between the potential leads at a distance of £ mm from the bis
muth rod. The e.m.f. of the thermocouple was measured by means of a 
potentiometer.

Liquid
state

0 2 4 6 8 10 12 14
I6°C Temperature, orbitrary units

F i g . 6

Curve I  obtained in this experiment, and shown on Fig. 6 , relates to a bismuth 
rod which is solidified, and has its elcavage plane perpendicular to its length. 
The ordinates represent the resistance of the bismuth relative to the resistance 
in the melted state, and the abseissae the temperature in arbitrary units. We 
see from this curve that bismuth at the point about 13-7, where it begins to 
solidify, increases its rcsistanee praetieally at once by 2-64 times. The resis
tance then gradually eommenees to diminish and reaches at 16° a value of 
1-05 times the resistance in the liquid state.

We took such curves, cooling the bismuth with various temperature gradients 
across the rods by the different arrangements, as already described and shown 
on Fig. 1 by A, B and C, but in each case we obtained praetieally the same 
shaped smooth curve without any sharp bends. There was only a very slight 
difference in the shape of the maximum which was sometimes flat or sharp, 
but this was easily accounted for by the fact that the bismuth between the 
potential contacts docs not solidify at onec. The final rcsistanee of bismuth 
crystals relative to that of the liquid state varied from 1-04 to 1-08, differing
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amongst themselves by about 4 per cent. In each experiment a piece of the 
rod was cut off from the end after the potential contact g and examined for 
flexibility and specific resistance.*

The crystal rod of curve I had a specific resistance of 1-45 x 10~4 and the 
cleavage plane was inclined at 84° to the axis of the rod.

For other rods the specific resistance was found to vary between 1-43 and 
1-51 x 10-4. This variation is larger than was to be expected from the measure
ments during the solidification, where, as already stated, the variation was only 
4 pci cent. This is probably due to the fact that in handling the rod during 
measurement, some of the cracks widen.

In the case of the crystal grown with its cleavage plane parallel to the axis, 
we obtained curves which were also very smooth. One of these, curve II, is 
shown in Fig. 6 . The maximum resistance in this case was 2-01 times that of 
the liquid state, and the final resistance at room temperature was 0-825. The 
specific resistance of the sample cut off was 1-14 x 10“4 and the cleavage 
plane made an angle of 1° with the axis of the rod.

The smoothness of the curves and the absence of any sharp bends, together 
with the fact that the resistance increases with decreasing temperature, only 
at the moment when the crystal is solidified, indicates that the development 
of the cracks probably occurs almost at the moment when the bismuth passes 
from the liquid to the solid state.

I t  is interesting to note that if we take the specific resistance of liquid bis
muth to be 1-28 x 10 ~4, the resistance of the bismuth perpendicular to its 
cleavage plane would be, from these curves, 1-28 x 1-05 =  1-34 x 10“4, and 
the specific resistance for rods with the cleavage plane parallel to the axis of the 
rod would be 1-28 x 0-825 =  1-055 x 10~4. In both cases the values thus 
obtained are smaller than those afterwards measured in the samples cut off. 
This can be partly explained by the fact that the volume of the rod changes 
when the rod is cooled, but the difference seems to be rather too large to be 
explained entirely in this way. I t  is possibly due to an error in the determination 
of the specific resistance of liquid bismuth. This datum was taken from tables 
and represents the results of only one experiment made many years ago.

6. T h e  Ch a r a c t e r  of t h e  I m p e r f e c t i o n  of t h e  B i s m u t h
Cr y s t a l s

From the previous discussion it is seen that the bismuth crystals which we 
have grown were not perfect, and that the imperfection in the lattice is prob
ably characterised either by cracks which develop along the perfect cleavage 
plane or by local changing of the direction of the axis in the crystal. I t  is im
portant to obtain a more definite idea as to the character of these imperfections 
and the source from which they arise since, as will be seen from the latter part

* In order not to destroy the rather fragile contacts of the bismuth rod with the small 
wires, the cutting up was done by melting the bismuth rod at one point with a small 
flame.
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of this paper, crystals obtained by various methods of growth and which differ 
in flexibility and specific resistance, change their resistance differently in a 
magnetic field.

We first of all gave our attention to the character of the ‘‘ cracks” , the word 
being used simply in connection with the fact that the crystal breaks very 
easily along the cleavage plane; by the word crack wc do not necessarily mean 
that a slot exists in the crystal. Probably the most correct picture of a crack 
is that in some layers in the crystal lattice parallel to the perfect cleavage 
plane the atoms are disturbed from their symmetrical positions and the cohe
sive forces between two successive layers are reduced to a small value. When 
the crystal is strained these layers easily break and then real slots are formed. 
This view is justified by the fact that if real cracks exist in the crystal, then 
if the crystal is compressed perpendicular to the cleavage plane and the com
pressibility is measured, wc ought to be able to observe a larger compressi
bility just before the crack closes.

I  am indebted to Dr. Webster for making some experiments in this line, but 
he was unable to trace any larger compressibility of our crystal at the moment 
when it begins to be loaded.

Evidence for the existence of cracks may, as pointed out to me by. Prof. 
G. I. Taylor, be derived from the observation of W. Spring,9 that cast bismuth 
has a smaller density than drawn bismuth. This can be accounted for if we 
suppose that during solidification the multitude of individual crystals formed, 
having different coefficients of expansion along different axes, set up strains 
on cooling and open the cracks. When, however, the bismuth is drawn into a 
wire the strong compression force closes the cracks again. Further, cast bis
muth, when placed in an electrolyte against drawn bismuth, becomes an anode. 
This indicates that cast bismuth has a larger energy than drawn bismuth. 
Prof. Taylor suggested to me that this may be due to the fact that in cast 
bismuth where many cracks exist there is a larger surface energy, which accounts 
for this excess of energy relative to drawn bismuth.

More direct evidence of the nature of the lattice imperfections was obtained 
by X-ray analysis.

My thanks arc due to Dr. Alexander Muller, of the Davy Faraday Labora
tory, for being kind enough to take X-ray photographs of various specimens of 
bismuth rods which had been grown by different methods, and the result of 
his investigation has thrown much light upon the character of the imperfec
tions of the lattice.

First of all it was found that the crystals grown by our method are coated 
with a surface layer of very small crystals which are distributed at random. 
After etching the rod, however, and removing in all OT mm of its diameter, 
these small crystals disappeared and no trouble was experienced in the study 
of the crystal lattice. All the data given relate to such etched crystals.

Bismuth rods grown in a uniform temperature condition, as obtained in the 
apparatus shown on Fig. 5, give very good X-ray reflections. This indicates 
that each rod consists of a quite good crystal with a perfect lattice, so far as 
can be judged from an X-ray photograph. Since we know that these rods
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are brittle and that cracks exist, we have to conclude that these cracks arc 
rather widely spaced in the crystal and that the crystals between two succes
sive cracks are perfect and have the same orientation. This view is also con
firmed by the fact, already mentioned, that after breaking the crystal into 
small pieces, the separate pieces do not appear to be very brittle. On the other 
hand, crystals grown with their cleavage planes perpendicular to the axis of 
the rod (made with the apparatus with the spiral, shown on Fig. 4) and which 
we found to be the most flexible, showed on the X-ray photographs not only 
well-defined spots of reflection from the main planes, but also faint rings which 
have to be attributed to very small crystals differently orientated and more 
or less scattered in between the main lattice.

Thus the difference between a flexible crystal and a very brittle one is due 
to the fact that in a brittle crystal the imperfections of the lattice arc placed 
in successive layers parallel to the perfect cleavage plane, with sometimes a 
quite considerable distance between them, whereas in the most flexible crystals 
the imperfection of the lattice occurs in localised points scattered all over the 
crystal. This accounts for their flexibility as they have no preferable direction 
for cleavage. While both crystals arc imperfect, in the case of the brittle crystal 
the imperfections are more regularly distributed and are of a rather macro
scopic character.

From this we may conclude that an ideal crystal would be perfectly flexible 
and would have no well-defined cleavage plane.

With crystals grown on the copper plate (Fig. 1) with the transverse tempe
rature gradient and the perfect cleavage plane perpendicular to the axis of the 
rod, we have an intermediate case. The X-ray photograph shows rings and the 
crystal, as already stated, is brittle. Comparing crystals grown by our method 
with a crystal grown in a glass tube in the ordinary way, we find from X-ray 
photographs that these crystals have also enclosures with crystals distributed 
at random which make a definite ring on the X-ray photograph. As these rings 
are broken into small definite spots, we can infer that the enclosed imper
fections are larger than in crystals grown by our method, indicating that our 
method of growing crystals with no outside strains gives a more perfect crystal 
lattice.

Finally, the X-ray analysis of a crystal made of impure bismuth and grown 
on a plate, as in apparatus 1, differs from that for a similar crystal of pure 
bismuth in having a more perfect lattice and showing very few traces of irregular 
enclosures. This confirms our observation that impure bismuth easily forms 
flexible crystals.

7. D i SCUSSION ON THE SOURCE OF THE CRACKS

From these experiments we may draw some conclusions as to the probable 
origin of the cracks.

First, since X-ray data, as well as the observations on flexibility, indicate 
that impure bismuth forms crystals with a good lattice more easily, we have to 
conclude that the imperfections in the lattice of bismuth crystals arc not due
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to the presence of foreign atoms during the crystallisation. On the other hand, 
we saw that the formation of the imperfections in the crystal lattice is very 
closely connected with the way in which the crystal is cooled and from the 
experiment, described in section 5, on the change of resistance during solidifica
tion, we have seen that the cracks probably occur at the moment when the 
crystal is solidified. We therefore have to conclude that the spoiling of the 
lattice is closely related to peculiarities in the crystallisation of bismuth.

I think it would be difficult to find an explanation which accords so well 
with the facts as the following.

We suppose that when solidified below the melting point, bismuth at first 
forms a crystal having one crystalline modification, which, at a very slightly 
lower temperature, is transformed into a second crystalline modification, which 
we know to be the usual modification for bismuth. Since this transformation 
takes place when the bismuth is in a solid state and must be accompanied by 
changes in shape, stresses are set up in the crystal lattice which account for the 
spoiling of the lattice.

When the crystal is grown in a very uniform temperature (as in apparatus 5), 
the first modification is changed into the second one in larger sections, and 
between the successive sections we have an imperfect layer of the lattice wThich, 
under strain, may develop into a crack, but in between the two cracks the 
crystal is perfect, as has been shown already by X-ray analysis and as will 
be confirmed by later experiments in a magnetic field. The small specific resis
tance for these crystals indicates that the number of the cracks is not large.

In the case where the crystal is a flexible one and is grown with a very sharp 
temperature gradient perpendicular to the cleavage plane, the transition from 
one solid modification to the other takes place in smaller layers and in a 
somewhat irregular way. There will in consequence be many imperfections of 
the lattice scattered all over the crystal.

The view that during the solidification of bismuth, strains are set up in the 
crystal was confirmed by the following observation. A crystal rod was placed 
on a warm copper plate and a white hot platinum strip, heated by current, 
was placed just above it. In this way the bismuth was melted perpendicularly 
to the length of the rod, and then by a slow motion of the spiral along the rod, 
gradually solidified. In this case the cleavage plane was perpendicular to the 
axis of the rod. When the crystal commenced to grow it rvas very interesting 
to notice that the rod began to bend and the ends started to lift from the plate. 
This bending can only be accounted for by a strain set up in the crystal during 
the solidification. The crystal obtained in this way was extremely brittle.

If our hypothesis as to the explanation of the appearance of the cracks is 
correct, we have to admit a change in the shape of a bismuth crystal when it 
is changing from one modification to the other. We tried to confirm this by 
heating a bismuth rod to the inciting point and observing whether a sudden 
change in length occurs near the melting point. Accurate experiments are 
difficult, but indications were obtained that in some of the crystal rods there 
occurred a very small contraction in the length before the melting point, of 
the order of 0-06 per cent.
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Our hypothesis is supported by some old experiments of Curie,10 which con
firm the existence of a second modification of bismuth slightly below the melt
ing point. Studying the diamagnetic properties of bismuth at a temperature 
very close to the melting point, Curie noticed that bismuth loses its strong 
diamagnetie properties practically at once at a temperature slightly lower than 
that of the melting point, when the bismuth is still solid. This suggests that 
bismuth may exist in a solid state without having its strong diamagnetie pro
perties, and this would correspond to the second modification of bismuth which 
is neeessary for our hypothesis. From the experiments of Curie and the ex
periments on the change of length of bismuth during solidification, we con
clude that the transition from the first modification to the second occurs at a 
temperature very near to the melting point, and probably only a few degrees 
below.

The existence of the second modification is also suggested by a phenomenon 
observed by Bridgman11 in his pressure experiments. Usually solid bismuth, 
unlike other conductors, shows a positive coefficient of change in resistance 
when submitted to a uniform pressure. Below the freezing point, however, 
Bridgman observed a negative coefficient. He suggests that this change of 
sign is produced by strains set up in bismuth, as it is solidified in a small tube, 
but it is also possible to account for this difference in sign by the existence 
of the second modification, whieh is more like other metals.

In this hypothesis the influence of the impurities which help to make the 
crystal flexible and more perfect may probably be accounted for by the fact 
that the impurities make the first modification of bismuth more unstable, and 
the transition takes place more gradually.

The following tentative suggestion may be made to account for the two 
crystal modifications. I t  is well known that an element of the rhombohedral 
bismuth crystal lattice can easily be obtained by a slight deformation of a cubic 
eell when it is stretched in the direction of one of the four main diagonals. 
On this view the first modification is a cubic one which is transformed into 
the second modification by this type of deformation.

The physical differences between these two crystal modifications can be 
explained by the idea suggested by Ehrenfest12 that in the ordinary bismuth 
modification the strong diamagnetic properties can only be accounted for by 
taking the orbits of electrons inside the crystal to be of such a size that they 
include two centres of the lattice. In this case we have to suppose that in the 
first “ cubic” modification the electrons move in rather smaller orbits, includ
ing only one nucleus, and that the crystal shows no strong diamagnetism, as 
indicated by Curie’s experiments.10 When the electron orbits change so as to 
include several nuclei, the forces of cohesion alter and the crystal is deformed 
and takes its rhombohedral shape and the bismuth begins to be strongly dia
magnetic. Probably, a close investigation of the crystal lattice by X-rays near 
the melting point will be neeessary to give a definite proof, but at present this 
view is suggested as a useful working hypothesis.

In this way we can also easily explain the curious fact, observed and described 
in the beginning of this paper, that a slight strain set up in a crystal, when it is
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grown from a given crystal, will change the orientation of the perfect cleavage 
plane without changing the general orientation of the lattice. I t  is easily 
seen that when the crystal is growing in a “ cubic” state, then this cubic modi
fication can be transformed to the rhombohedral modification in four different 
ways corresponding to pulling out the elementary cubes along the four possible 
diagonals. The strain set up in the lattice by the cooler part of the rod, which has 
already transformed itself into the rhombohedral modification, will direct the 
transformation from the cubic state, but if we have an outside factor, such as 
the pressure from the walls of a tube, or the extension forces as in the Czoch- 
ralski method, this factor may play a predominant part in the orientation of the 
trigonal axis in the rhombohedral modification. I t  is evident that this explana
tion accounts for the fact that the general orientation of the crystal is unaltered 
and only the perfect cleavage plane changes from one plane of the pseudo-octa- 
hedron to the other.

From a closer consideration of the strains set up by the methods of growing 
bismuth crystals in glass tubes, or pulling them out of a crucible, we may sec 
that there is always a tendency for the perfect cleavage plane to be orientated 
parallel to the main shearing stresses in the rod. The strain set up in the bis
muth when it is growing in a glass tube is produced by a pressure of the walls 
of the tube at the moment when the bismuth is crystallised and changes its 
volume and shape. In the Czochralski method the strain is produced by a 
slight pull under the weight of the liquid part of the rod. In both cases the 
shearing forces are not perpendicular to the rod and probably approach an 
angle of 45°. This indicates why rods grown by both these methods have this 
preferable angle for the perfect cleavage plane.

It may also be possible that the local variation in the direction of the axis 
of the crystal grown with its cleavage plane parallel to its length may be due 
to local stressing set up in the crystal owing to the non-uniformity of the tem
perature gradient.

8. D i s c u s s i o n  of R e s u l t s

From the results of the previously described experiments, leaving aside the 
hypothesis of the origin of the imperfection of the crystals, we may explain 
many of the peculiar phenomena observed in bismuth, which make this metal 
so unlike others.

In one of the previous sections we have already given an explanation of the 
increase of density in drawn bismuth wires. As an instance of other phenomena 
it has been stated by several authors13 that bismuth has two modifications, 
called oc and /?. The temperatures of transformation for these two bismuth 
modifications has been very much discussed and different authors have given 
quite different results (75°, 112° and 161°C). From the results we have obtained 
we may conclude that no such oc and /) modifications exist, but only bismuth 
having more or less imperfections in its crystal structure. When, for instance, 
a lump of bismuth, consisting of many small crystals, is cooled, the stresses 
occurring between the individual crystals may open the cracks, and since 
the small individual crystals are probably regular in size we may expect the
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cracking to occur at a more or less definite temperature. The energy absorbed 
in producing the cracks and the increase of volume may give the impression 
of the existence of two modifications of bismuth, but in another lump of bis
muth, having individual crystals of another size, this cracking will take place 
at a different temperature.

I t  has also been observed that bismuth has a variable temperature coefficient 
for its specific resistance. This again can be easily explained by the fact that 
in changing the temperature of the bismuth the cracks open or close and the 
resistance varies in a different way for each rod. In our experiments with single 
bismuth crystals, as shown on Fig. 6, no such phenomena occurred.

Finally, we have the fact that after cooling bismuth and bringing it back to 
the initial temperature, the resistance is not the same. This again may be 
explained by the opening of cracks which failed to close when the bismuth was 
cooled down.

While we have mentioned here only a few cases where the existence of 
cracks in bismuth throws a considerable light on the peculiarities observed in 
this metal, we think it probable that in many other phenomena (such as 
observed in the Hall effect) the occurrence of cracks may offer an adequate 
explanation.

Unfortunately, in our experiments, we were unable to obtain an ideal mono- 
crystalline bismuth rod, except in so far as the small pieces of bismuth rod, 
which broke off when a rod was obtained in the apparatus on Fig. 5, were 
probably good crystals. From our experiments, however, we may conclude 
that an ideal bismuth crystal at room temperature is flexible and does not 
cleave at all.

I t  will be of interest to see how far the conclusion drawn from this investiga
tion can be applied to other crystals. For example, is a cleavage plane in a 
crystal always a consequence of an imperfection in the lattice? Do other similar 
crystals, such as antimony, develop their brittleness in the same way as bis
muth? Has the strain a directing influence on the orientation of the axis of 
other growing crystals as it has in bismuth?

P a r t  I I .  T h e  M e th o d  a n d  A p p a r a tu s  fo r  O b serv in g  the C h ange  
of R e s is ta n c e  of B is m u th  in  S tro n g  M a g n e tic  F ie ld s

1. I n t r o d u c t i o n

I t  is evident that the change of resistance of a bismuth crystal in a magnetic 
field, which exists for 1/100 sec only and varies during the whole of this time, 
cannot be measured by standard methods. I t  is, however, possible to develop 
a method which gives an accuracy of the same order as that obtained in previous 
investigations in weaker magnetic fields produced by electromagnets, in spite 
of three main difficulties, viz., the briefness of the time of the experiment; 
the variation of the field during this time which may produce an induced e.m.f. 
in the crystal; and finally the small value of the resistance of the crystal, this
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being only a few thousandths of an ohm. The reason is that in our case we have 
two factors which help us out of the difficulty. The first is that the magnetic 
field is very strong and this increases the change of resistance making it much 
easier to measure. Secondly, as any resistance measurement is chiefly reduced 
to the absolute or relative measurement of the potential drop along the conduc
tor when a current is passed, we made this particular drop very much larger 
by passing much heavier currents through the crystal than is usually permis
sible in ordinary experiments. This is possible because the current is sent through 
the crystal for one or two hundredths of a second only, and the bismuth rod 
cannot warm up to any great extent during this time. Another advantage of 
these experiments is that by using very heavy currents and large potential 
drops we are not troubled by any thermal e.m.f.s, which in our case are rela
tively small, but in the usual resistance measurements with bismuth may prove 
very awkward. Finally, by making the experiment in one hundredth of a 
second we can be sure that throughout the whole of the experiment the 
temperature of the bismuth will remain constant.

2. T h e  Me t h o d  of Me a s u r i n g  t he  R e s i s t a n c e

The method adopted for the measurement of the resistance was to send a 
known current through the bismuth crystal, and by means of potential leads 
to observe the difference of potential across the bismuth crystal. Both the 
current and the potential difference are measured by oscillographs appropri
ately adjusted for the measurements. By means of these two oscillographs and 
a third one, which measured the current through the coil producing the magne
tic field, three curves were simultaneously taken on the same photographic 
plate. Thus, at a given moment, the magnetic field can be deduced from the 
curve of the current through the coil, and the resistance of the bismuth from 
the two other curves. As the current was kept constant during the experiment, 
we can take it that the deflection of the potential oscillograph was practically 
always proportional to the resistance of the bismuth. On Fig. 7 the general 
arrangement of the experiments is shown diagramatically.

In the coil a, where the magnetic field is produced, the bismuth crystal rod 
b is placed. In most of the experiments the crystal was surrounded by a Dewar 
vessel c. The current is supplied to the crystal from an accumulator battery g 
through the power leads d and e, and oscillograph / and a large resistance h. 
We used two alternative arrangements for sending the current through the 
crystal, one of them being shown by a continuous line and the other by a dotted 
one.

In the first arrangement, shown by the continuous line, the current was sent 
through a special automatically timed switch which sends the current through 
it for the required short time of the experiment. This sAvitch will be described 
in detail later on, but its general functions arc as folloAvs. The brush i  of this 
switch closes the circuit from the battery a feAv thousandths of a second before 
the magnetic field is produced in the coil. For breaking the current another 
independent brush k is used. In some of the experiments avc required to make
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and break the current through the crystal several times during the time when 
the field was on. This was carried out by a very simple arrangement shown on 
the same Fig. 7. I t  consisted of a copper wheel I with six sectors cut out and 
filled with insulation. Three brushes were sliding on this wheel. Brush m pressed 
on the middle of the copper disk and remained permanently in contact. Brushes, 
n and o, were sliding on the sectors and were brought alternately into connec
tion with the copper wheel. The crystal and with it the oscillograph / were con
nected to the brush n and to one terminal of the battery. Between the other 
brush o and the terminal of the battery was connected a resistance p equal to 
that of the crystal together with the oscillograph. The third brush m was con
nected to the other terminal of the battery through the automatic switches.

i and k. I t  is evident from this arrangement that when the disk was set in rotation 
impulses of current were sent through the crystal, and as the disk was worked 
by a little motor at 2000 r.p.m., the duration of such an impulse was about 
1/400 of a second. By using two brushes, n ond o, on the disk, it was possible to 
adjust the distance between these brushes in such a way that the current from 
the battery was never interrupted, and with this arrangement it was possible 
to make very sharp interruptions of the current in the crystal without sparking 
anywhere on the contacts. For the experiments in which it was not required to 
have such a frequent interruption of the current, the sector interrupter was left 
in the connections, but the disk was left stationary, in such a position that only 
the brush n, which is connected to the crystal, made contact with one of the 
copper segments.

The other scheme of connections, indicated by dotted lines on Fig. 7, makes 
it possible to break the current through the crystal very sharply at any required 
moment during the current wave in the main coil. As will be shown in Part III, 
this was necessary for the experiment in which we studied the residual e.m.f. 
in bismuth. The principle for breaking the current used in this case is similar 
7*
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to that adopted in the sector interrupter just described. To the brush k of 
the automatic switch is attached a small ebonite cylinder q which has a copper 
ring r embedded in the middle. On the cylinder rest two brushes, s and t, made 
of fine copper strips (details can be seen on Fig. 8 of the automatic switch). 
When the brush k of the automatic switch opens, this cylinder moves about 
8 mm along its axis, and by this motion the copper ring is shifted from the small 
brush s to the brush t. The brush s is connected, as before, to the oscillograph 
and the crystal, and the other brush t, through an equivalent resistance to one 
terminal of the accumulator battery. The copper ring is connected by means 
of a flexible wire to the brush i which makes the circuit of the automatic switch. 
In this arrangement the brush k of the switch was not used, as the copper ring 
arrangement interrupted the current in the crystal. In this case, as in the sector 
interrupter, the current through the crystal was broken very sharply. I t  is 
evident that when this interrupter was used the leads to the brushes of the sec
tor interrupter had to be disconnected and vice versa.

As will be seen from the description of the automatic switch given later, 
the operation of the brush k with the ebonite cylinder and the copper ring can 
be timed relative to the current wave in the coil. Thus the interruption of the 
current through the crystal can be adjusted to occur at any given moment in 
the current wave.

The potential leads, u and v, are connected through a resistance box w to 
the oscillograph x. There is also a third oscillograph y which measures the cur
rent in the coil by means of a shunt z in the manner described in one of the 
previous publications.14 The three loops of the oscillographs, /, x and y, were 
placed close to each other in the air gap of the same electromagnet, and the 
oscillograms from them were taken on the same falling plate one above the 
other. The oscillographs, y and /, for the coil and for the current in the crystal 
were both of the same type. They had a natural frequency of about 20,000 and 
gave a deflection of about 3 cm for 0-3 ampere. The current through the crystal 
varied from 6 to 0-5 ampere in thedifferent experiments, and the oscillograph / in 
the crystal circuit was accordingly connected across a small shunt a'.

Evidently the potential oscillograph ought to be made of a different type, 
as only a small fraction of the power current can be used in the potential 
circuit. This oscillograph was made by using much finer wire for the loop and 
by having a greater distance between the bridges. The oscillograph actually 
used has a natural frequency of about 6000 per second and had a ten times 
greater current sensitivity than the other two elements.

3. T he  S wi t c h

The purpose of the synchronous automatic switch is clear from the previous 
paragraphs. I t  has to make and break the circuit through the power leads of the 
crystal at given moments relative to the current wave through the coil.

The general arrangement of the synchronous switch which satisfies these 
requirements is shown on Fig. 8 . I t  consists of a fly-wheel a which is driven 
by an electrical motor from the shaft b at a speed of 1500 revolutions per



B ismuth Crystals in  Strong Magnetic Fields 181

second. A standard centrifugal regulator with a contact breaker keeps the 
speed constant. To the fly-wheel a a laminated core electromagnet c is attached 
in the way shown on the drawing. This can pull up a laminated iron core dwhich 
rotates together with the magnet and is pressed away from the electromagnet

by two small springs e embedded in the core of the electromagnet. By means 
of two brushes and two sliding rings, / and g, a current can he sent through 
the winding of the electromagnet, and the core pressed to the electromagnet 
with a large force. In the gap between the iron core d and the electromagnet c 
a thin iron disk h is placed attached to a light aluminium cylinder i. When the 
electromagnet rotates, the disk is kept in a fixed position by means of a small 
friction produced by the brake k. When the current is sent through the electro
magnet the core is attracted, and, owing to the large friction, the disk and cylin
der begin to rotate practically at once with the same velocity as the motor. 
The cylinder has two adjustable radial pins, I and m, screwed in its rim. These 
pins, when in rotation, strike two triggers of two switches, n and o, which are 
released by springs and which open and close the circuits. One of these switches 
o bears the arrangement with the ring p  described in the previous section.

During the experiment this apparatus functions in the following way. 
Through one of the brushes fixed to the commutator on the main switch of 
the big dynamo, which was described in a previous paper,2 a current can be 
sent through the electromagnet which will set the cylinder i, with the pins, 
in rotation exactly at a definite moment before the current wave passes in 
the coil. By a proper choice of the position of the pins on the cylinder, these 
moments at which the current is made and broken can be suitably adjusted 
relative to the current wave. I t  took some time to develop the construction 
of this switch in order to ensure it working with sufficient reliability, the main
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difficulty being in making the magnetic clutch operate sufficiently quickly. 
By sending a strong current in the electromagnet c (which can be done without 
danger of burning the winding, as the current is sent for a few hundredths of 
a second only), and by making the disk h and the cylinder i light, we were 
finally able to adjust the moment of make and break with an accuracy of 
1/5000 sec. This was sufficient for these experiments.

4. T he  F i x i n g  of t h e  Cr y s t a l  i n  t h e  Coil

Great care has to be taken in finding the proper way of fixing the crystal 
in the space in the middle of the coil where the field is produced. The coil 
used in all these experiments had an inside diameter of 1 cm and is described 
in detail in the writer’s previous publication.2

To prevent the crystal from being heated by the coil, and also to make ex
periments at the temperature of liquid air and solid C02, the crystal has to 
be placed in a Dewar flask. This Dewar flask, shown on Fig. 7, had an outside 
diameter of less than 1 cm in order to fit the coil, thus leaving an inside dia
meter of only 6 mm. Thus the crystal with all the leads and the holder has to be 
fairly small so as to fit this Dewar flask.

On the other hand, the crystal has to fit tightly in the holder as, during the 
experiment, electrodynamical forces try  to press it sideways. These forces 
are relatively small—for instance, for a rod of 4 mm length in a field of 300 
kilogauss, when a current of 3 amperes is passing (these are the normal data 
for one of our experiments) the sideways force is only 36 g. A much larger force 
due to a different cause, however, appeared in the experiments at low tempera
tures when the Dewar flask was filled with liquid air. In this case, when the field 
is on, owing to the strong paramagnetism of the liquid air, it is pulled into the 
Dewar flask, and the crystal with the holder is forced out. This force, for a field 
of 300 kilogauss if the cross-section of the holder is 25 mm2, has a value lying 
between 1 and 5 kg, varying with the concentration of oxygen in the liquid air. 
The larger value of this force may be easily demonstrated by a simple experi
ment. The Dewar flask is placed in the coil and is filled with liquid air. A glass 
rod, 3 mm in diameter and about 10 cm long, is dropped in the flask. The field 
is then produced and the force just described is sufficient to throw the glass 
rod to a height of 7 or 8 m. Thus it is necessary to make the holder sufficiently 
strong and to fasten it to a stand to avoid any displacement of the crystal.

Finally, great care has to be taken in arranging the leads to the crystal. Not 
only has a good contact to be established, but the leads have also to be arranged 
in such a way that the minimum possible e.m.f. is induced in the potential 
oscillograph circuit. Wc have to remember that in our experiments this e.m.f. 
may be very considerable, as the field during 1/100 of a second rises in general 
from 0 to 300 kG and then falls again to zero. I t  is necessary, therefore, that the 
leads to the crystal shall be run bifilarly as long as possible, and the connection 
to the crystal arranged in such a way that no circuit is made with its plane per
pendicular to the lines of force in the coil. The crystal rods have to be placed
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in some experiments parallel to the magnetic lines in the coil and in others 
perpendicular. We will first describe the perpendicular fastening which is the 
most difficult.

For experiments with the magnetic field transverse to the current, two 
methods of fastening the crystal have been generally used and both have been 
found satisfactory. They are shown on Fig. 9, drawings A and B. In the first one 
(drawing A), a crystal rod a, about 4 to 5 mm long and 1 mm in diameter, is 
placed in a small Bakelite cylinder b of about the same length. This cylinder 
has at the ends a slightly smaller diameter, in which arc made two perpendicular 
holes. Two silver disks c are fixed with shellac to the part of the cylinder with 
the largest diameter, and two silver wires d, which form the potential leads, 
are soldered to the rod and to the silver disks. The soldering of the silver wires 
to the bismuth is done by means of a spark from a condenser in the way de
scribed in Part I of this paper. As already mentioned, this does not spoil the 
bismuth and forms a very reliable contact.

0 5 10mm
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Fig. 9

To the end of the bismuth rod are soldered two silver disks e by means of a 
low melting point solder. The silver disks form the contacts for the power leads. 
To make all these connections is difficult, as the dimensions are small, and it is 
advisable to do most of the work under a binocular low magnification power 
microscope.

The mounted crystal is placed in a holder. Four fine copper strips /, insulated 
from each other and pressed together between two ebonite strips g, which are 
bound together, form the holder. The end of the holder, which is connected to 
the crystal, is made like a double fork into which the crystal with its Bakelite 
fitting can be pushed. The contact between the copper strips and the silver 
disks is established in the following way. The two middle strips which form the
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potential leads each have holes at the end into which the thinner parts of the 
Bakelite cylinder b fit. They are pressed on the two silver rings and form the 
contact. The two remaining copper strips form the power leads and are con
nected to the silver disk e simply by making the end of the copper strips narrow, 
and by taking them out through the side slots of the holder and pressing them 
against the disks. The contacts and the steady position of the crystal are secured 
by a silk thread which is wound round the bottom part of the holder. I t  should 
be noticed that in such a fixing arrangement the crystal can be turned about its 
axis and orientated at any desired angle.

This arrangement for fastening the crystal is very elaborate and takes much 
time to make. I t  has also the disadvantage that the crystal cannot be suf
ficiently tightly fixed in the Bakelite cylinder, since it is only supported by the 
silver disks at the ends, and very often we find that when placed in the magnetic 
field, as a result of the electromagnetic forces, the crystal rod bends. The result 
is that some of the cracks, which were mentioned in the previous part of this 
paper, open and the resistance of the crystal increases.

This led to the development of a simple method of fixing the crystal. In 
this method we took advantage of the fact that the specific resistance of bis
muth in normal conditions is about 75 times that of silver, and, as in our experi
ments we limit ourselves to an accuracy of 1 per cent, it is not necessary to 
make proper potential leads. I t  is sufficient to solder on the end of the bismuth 
rod two silver disks, 5 mm thick, and to bring the power and the potential leads 
from these disks. Owing to the large conductivity of silver the resistance of the 
disk can be neglected. The arrangement for this method is shown on Fig. 9, 
drawing B. I t  consists of a Bakelite cylinder a, cut in two parts, with a small 
groove in which the crystal rod b, about 3 mm long, is placed. The two halves 
of the Bakelite cylinder are pressed together by winding round them a silk 
thread c. This provides a tight fitting of the crystal in the Bakelite, the neces
sity of which has just been stressed. Two silver disks d are soldered by a low 
melting point solder on to the ends of the bismuth rod, special care being taken 
to make a good joint with as little solder as possible. The holder consists, as be
fore, of four copper strips e pressed between two ebonite plates /. The end of the 
holder is made like a simple fork, and the copper strips, to which arc soldered 
silver wire at the ends, are bent in place close to the two inside faces of the fork. 
When the crystal is pushed into the fork these wires touch the silver disk and 
form the contact. By means of a silk thread g Avound round the fork the con
tacts are made safe and the crystal is kept tight. In this case, as before, the 
crystal rod can be turned round its axis.

The fastening of the crystal in experiments where the current was flowing 
longitudinally to the magnetic field is shoAvn in Fig. 9, drawing C. The crystal 
rod a, about 5 mm long, is placed as before in a small Bakelite cylinder b Avhich, 
in this case, is thinner and longer. The Bakelite cylinder is made in two parts 
and the crystal rod is fixed tightly by fastening these two parts by a thread c. 
Tavo silver disks d are soldered to the ends of the rod. The holder, as before, 
consists of four copper strips e and two ebonite plates /. The holder has a fork 
with a cylindrical opening, Avhcre the crystal Avith its Bakelite cylinder is
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inserted. To the end of the bare copper strips are soldered wires which touch 
the silver disks in pairs, in the way shown on the drawing. The contact between 
the disks and the wires is produced by a screw plug g which is screwed into the 
bottom of the holder.

In all these methods, in cases where the crystal has its cleavage plane per
pendicular to the axis of the rod, special care has to be taken to prevent any 
tensile forces along the rod which may arise from the difference of thermal 
expansion of the Bakelite and the bismuth. The Bakelite cylinder, expanding 
more than the bismuth rod, may press the silver disk and strain the rod. This 
will result in opening the cracks in the bismuth and in changing its resistance. 
To avoid this strain a clearance has to be left between the silver disk and the 
Bakelite cylinder. This is easily accomplished by placing a small mica washer 
between the silver disk and the Bakelite cylinder during the process of soldering 
and then removing it.

5. T he  Me t h o d s  of Me a s u r e m e n t

The experiment for measuring the change of resistance of bismuth crystals 
was performed in the following way. The required bismuth rod was fixed in 
the holder in the manner described in section 4 and placed in the Dewar flask, 
which, according to the requirements of the experiment, was either empty or 
filled with a freezing mixture of ether and solid C02 or liquid air. The absolute 
resistance of the crystal was measured by means of the potentiometer method 
described in Part I  of this paper. The Dewar flask was then placed in the coil 
and the connection made according to one of the methods described in sec
tion 2. The current to be sent through the crystal was adjusted by passing 
it through an equivalent resistance. The resistance in series with the potential 
oscillograph (w. Fig. 7) was also adjusted in such a way as to have the deflection 
of the oscillograph of a suitable amplitude for measurement. During the whole 
of this experiment the machine was used in the way described in my previous 
paper.2 After the experiment was made an oscillograph with three lines was 
obtained, as shown on the reproductions (pp. 220-223). The resistance of the 
bismuth rod was then measured again. If the bismuth rod was properly fixed, 
no change of resistance was observed.

After the plate was dry it was placed in an enlarging camera, which projected 
the oscillogram on to a piece of paper enlarged about ten times. By means 
of a pencil the enlarged oscillogram was copied. On the same paper reference 
lines were traced and the deflections were measured by means of a simple mm 
rule. The thickness of the lines of the oscillograms were about 2 to 3 mm 
and the measurements were always made from the middle of one line to the 
middle of the zero line. The accuracy of measurement was about \  mm and as 
the maximum deflection was adjusted to be between 50 to 80 mm, the accuracy 
of such a simple method of measurement was quite sufficient. From a measured 
deflection of the oscillogram which measured the current through the main coil, 
the magnetic field in the coil was determined in the way described in my
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previous paper.2 From the two other curves the resistance of the bismuth rod in 
this magnetic field can be determined. As the current in the coil had a sine form, 
the change of the resistance of bismuth can be deduced from a single oscillogram 
for practically all fields from 0 to the maximum value obtained in the experi
ment. Actually, in most of the experiments, the potential curve only is used, 
as the current through the crystal remains constant and has its value adjusted 
beforehand. Thus the ordinates of the potential oscillograph curve are propor
tional to the resistance of the bismuth.

The relative change of resistance is obtained by dividing the deflection of 
the potential oscillograph, measured with the field, by its deflection without 
the field. This deflection can either be calculated from the measured resistance 
of the crystal and the constants of the oscillograph and of the circuit, or mea
sured from the oscillogram directly. This, however, can only be done on oscillo
grams taken in weak fields where the resistance of bismuth does not change more 
than ten times, as, for instance, in oscillogram No. 5, Plate 17. On this oscillo
gram the current started before the field was established, and the initial deflec
tion was easily measured. But when the change of resistance is about 100 or 
more times, and the resistance in series with the potential oscillograph is very 
large, the initial deflection is so small that it cannot be measured correctly (see 
oscillogram No. 8 , Plate 18). I t  must be mentioned that such a simple calculation 
for the change of resistance of bismuth can only be used when the change of 
resistance is small—up to 50 or 100 times, otherwise the increased resistance 
changes the condition of the circuit appreciably. For instance, if we have an 
increase of resistance of 1000 times or more, as happens at the temperature of 
liquid air, the resistance of the crystal rod, which is initially between 0-002 to 
0-005 ohm, will increase to a value of 2 to 5 ohms. In this experiment only half 
an ampere can be safely sent through the crystal in order to avoid heating it, 
even in 1/100 sec. The potential drop across the crystal will be 2 to 5 volts, 
and if an accumulator battery of 30 volts is used the main current through the 
crystal will diminish by 6 or 7 per cent, and a correction has accordingly to be 
introduced.

The potential oscillograph consumed about 15 mA for its full deflection. 
When a current of 3 amperes was passing through the crystal, the measurement 
was not affected by more than £ per cent. But in the cases where the current 
through the crystal was limited by heating considerations to one ampere or 
less, the current through the potential oscillograph is already comparable with 
the current through the crystal, and a correction has to be introduced. The 
introduction of these corrections is simple and was always made at any moment 
when it was more than 1 per cent. No special mention of this subject will be 
made later on in the paper, and in all subsequent discussions it will be assumed 
that these corrections have been made. When the resistance of bismuth changes 
more than 2000 times, the correction commences to be rather large and the 
measurement becomes less reliable. Indeed, with such an increased resistance, 
bismuth has a specific resistance 200,000 times that of silver and is more like a 
non-conductor. Special methods of accurately measuring the resistance beyond 
this point are quite possible but have yet to be worked out.
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6. T h e  E r r o r s  a n d  S t r a y  E f f e c t s

The sources of error have to be considered rather carefully in our experi
ments, as in any new method of experimenting. We have already mentioned 
that we limited the accuracy of the experiments to 1 or 2 per cent, this being 
quite sufficient in this kind of experiment, as it will be seen that the error 
which arises from the unknown purity of bismuth may be considerably larger.

From the method of measuring the oscillograms, and by carefully calibrating 
the oscillograph, we are fairly sure that the quantity measured from the os
cillograms represents the actual values well within 1 per cent. All the possible 
errors occurring in this method of measurement with oscillographs have already 
been fully discussed in the author’s previous papers.14

The next source of error is the e.m.f. in the potential leads, which is induced 
by the variation of the magnetic field during the experiments. Experiment 
shows that by the arrangement for fixing the crystal, described in section 4, 
where all the leads have been arranged bifilarly, the induced e.m.f. is made 
very small compared with the potential drop along the crystal, and the effect 
produced in most cases is negligible within the limits of experimental error. 
This is easily proved by taking an oscillogram with the battery (g, Fig. 7) 
disconnected. The deflection of the potential oscillograph is then entirely 
due to this effect. On Fig. No. 1, Plate 16, such an oscillogram is reproduced. 
In this case the amplitude of the magnetic field reaches the value of 320 kG, 
and only by very careful examination can we detect a slight curving in the 
line traced by the potential oscillograph.

In certain experiments where the crystal was not fastened so successfully, 
and in cases where the resistance in series with the oscillograph was small, wc 
were able to observe at the beginning and the end of the current wave a slightly 
larger deflection. In  these cases the error can be easily eliminated by taking 
two oscillograms with the same field, but with the direction of the current 
through the crystal reversed. Taking the average of the measurements from 
the two oscillograms, the disturbing e.m.f. will be eliminated. This e.m.f. was 
also automatically eliminated in all the experiments when we used the sector 
interrupter, which was described in section 2. With the sector interrupter we 
obtained oscillograms similar to Nos. 5 to 10 (Plates 17 and 18). The neces
sity for using the sector interrupter arose in cases where it was necessary to 
eliminate the e.m.f., which occurs in bismuth crystals in a magnetic field when 
a current is passing through the crystal. By use of the interrupter this e.m.f. 
and the induced one are automatically eliminated. In these oscillograms, ob
tained with the sector interrupter, a new source of error may come in as the 
potential oscillograph now works under severe conditions. During two-hun
dredths of a second it has to swing across the plate over ten times from below 
zero to the full deflection. As the frequency of the potential oscillograph was 
comparatively low (6000), and comparable with the time of a deflection, the 
time lag of the deflection is noticeable on all the oscillograms taken. I t  can also 
be noticed that the oscillograph was slightly under-damped. As wc required 
to measure the difference of the negative and positive deflections at the moment
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when the current is broken or started, an extrapolation of the deflection was 
necessary which naturally made the measurement less accurate. We estimate 
the error of this extrapolation in the worst cases to be about 3 per cent.

Finally, we have to consider the effect of the heating of the crystal produced 
by the current. I t  becomes serious only when we deal with the crystal at the 
temperature of liquid air and in strong fields. The specific resistance of bismuth 
is in this case so high that even a small current may heat it up. Let us make 
a numerical examination. The heat generated in the crystal is

T

Q = 0-24 J  { I s f R & t ,  (1)
o

where I  is the current density in the crystal, s is the cross-section and R  the 
resistance. With sufficient approximation (as will be seen from the next Part 
of this paper) we may take R  to be proportional to the magnetic field, and, 
as the magnetic field changes sinusoidally, we may take

-ft = -ftma Xsin(jrf/T), (2)

where T  is the half period of the current wave. We obtain from (1)

Q = 0-15 R ^ T  (/ a)«. (3)

I t  is easy to see that the rise of temperature will be

<5 t = 0T5n a I 2 T/k d. (4)

In this formula n =  -ftmax/-fto the relative increase of resistance; k and a are 
the specific heat and resistance, and d the density. At liquid air temperatures 
k =  0-208, a =  0-5 x 10"4, d =  9-80 and in our experiments T  =  1/40, so 
that we get

d t =  0-08 x 10-6n P .

Now in our experiments with a bismuth rod of 1 mm diameter, if we take the 
current i = 0-5 ampere, and the increase of resistance is about 2000 times, wc 
get an increase of temperature 5 t =  5-5°, which is already appreciable.* On 
the other hand we cannot greatly decrease the current, as then the correction 
for the potential oscillograph will be too large.

This, however, only happens in liquid air experiments ; in other experiments 
the rise of temperature is never greater than 0-5°.

These are practically all the errors which can be introduced into the experi
ments by this method of measuring the resistance change in the magnetic 
field. The other errors which arise from the impurities of bismuth, from the 
imperfection of orientation of the crystal and similar causes will be considered 
later in connection with each individual experiment.

* When the sector interrupter is used the increase of temperature is about half.
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P a r t  I I I .  T h e  C h an ge  of R e s is ta n c e  of B is m u th  a n d  the T im e
L a g  in  M a g n e tic  F ie ld s

1. I n t r o d u c t i o n

The study of the change of resistance of bismuth crystals in a magnetic field 
is an involved problem in which a number of variables have to be taken into 
account.

In the first place the change of resistance of bismuth crystals depends on 
the strength of the magnetic field; secondly, on the direction of the current 
relative to the axis of the crystal; thirdly, on the orientation of the crystal 
in the magnetic field; and finally, on the temperature. I t  also depends on the 
chemical purity of the bismuth, on the state of perfection of the crystal lattice 
and on the strains which may be set up in the crystal.

In order to study these phenomena a great deal of experimental work is 
required, the difficulty being increased by the time lag phenomenon. A large 
amount of generalisation can be achieved, however, if we combine the results 
with some of the phenomena described in P a r t i  of this paper, especially 
with the observations on the development of imperfections and cracks in the 
bismuth crystal.

2. T h e  E.M.F. w h i c h  A c c o u n t s  f o r  t h e  T i me  L a g  
a n d  i t s  E l i m i n a t i o n  i n  t h e  R e s i s t a n c e  M e a s u r e m e n t s

Before commencing the measurement of the change of resistance of bismuth 
crystals, it was necessary to eliminate the time lag phenomena and to deter
mine the true resistance of bismuth in magnetic fields. The magnitude of the 
time lag can be very easily seen on oscillogram No. 2, Plate 16, for a crystal where 
the current is passing perpendicular to the cleavage plane, and where the current 
is also perpendicular to the lines of force of the magnetic field; for this orienta
tion, the lag phenomenon is most marked. We see from the curve p  traced 
by the potential oscillograph, that during the time from x  to y, when the current 
in the coil is constant and the magnetic field also remains constant, the deflection 
changes its amplitude quite appreciably, beginning with a high value and then 
gradually decreasing. As the deflection of the potential oscillograph is propor
tional to the resistance of the crystal, this decrease means that the resistance 
of bismuth is diminishing with the time. The cause of this diminution can 
easily by seen on the same oscillogram. In the second half of the current wave, 
when the current through the crystal is suddenly broken, the deflection of the 
potential oscillograph does not drop to zero, but retains a quite definite negative 
value. This means that along the crystal there exists a residual e.m.f. when there 
is no current. This residual e.m.f. in the crystal reduces the fall of potential due 
to the ohmic resistance as it is in the direction “ to help” the current to pass 
through the crystal. The origin of this e.m.f. will be considered later in a special 
section, but at present it suffices to mention that it has already been traced by 
Seidlcr15, and has been studied by several investigators.
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Wc shall now describe the method by which this e.m.f. in the crystal can 
be eliminated and the actual potential drop along the crystal due to the change 
in the ohmic resistance obtained. In the first place we see from the fact that 
the deflection of the potential oscillograph diminishes during the time when the 
field is constant, that the e.m.f. gradually increases in value with the time. This 
can be seen in oscillograms (Nos. 2 and 3, Plate 16) for the same crystal, under 
the same conditions, except that the current was broken, by means of the switch 
described in Part II, section 3, at two different moments during the flat part 
of the current wave, in (3) near the beginning, and in (2) towards the end. I t  is 
easily seen from the negative deflections of the potential oscillograph that the 
e.m.f. is larger when the current is broken later. On these two oscillograms we 
take the full swing of the potential oscillograph, at the moment when the cur
rent through the crystal is broken, to be proportional to the ohmic potential 
drop along the crystal, since the deflection before the break is diminished by 
the amount of the residual e.m.f. This assumption is confirmed by direct 
measurements of these oscillograms (Nos. 2 and 3), which show that the ampli
tude of swing is independent of the moment at which the current is broken.

Fig. 10. Crystal orientated I  \ | axis and I  ±  H  temperature 17 °C. Curve i taken from 
oscillogram No. 4 without using the sector interrupter and the residual e.m.f. is not 
eliminated. Curve ii taken with the sector interrupter and the residual e.m.f. is

eliminated.

In this way, therefore, wc are able to eliminate the time lag phenomenon from 
our experiments. As the development of this residual e.m.f. takes some time, 
it appears that by this method we measure the resistance which would occur 
in an ideal experiment in which the current is suddenly established in the crystal 
and in which the e.m.f. has no time to develop. Later on, when we consider 
the origin of this e.m.f. in section 6 , we shall give a more complete justification of 
this method of measuring the resistance.
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The elimination of the e.m.f. for several points along the current wave is 
obtained by using the sector interrupter, which has been described in Part II, 
section 2, of the present paper. Oscillogram No. 4, Plate 16, is taken for a crystal 
without the sector interrupter. If we plot the curve of the relative change of the 
resistance of the crystal taken from this oscillogram, we obtain a curve in the 
shape of a loop, as shown on Fig. 10, by means of a broken line. I t  is obvious 
that this loop results from the asymmetrical form of the deflection of the poten
tial oscillograph, which is due to the e.m.f. developed in the crystal.

To eliminate the e.m.f. in the crystal we take another oscillogram similar to 
oscillograms Nos. 5, 6, 7 and 8, Plates 17 and 18, in which the sector interrupter 
is used and take the true ohmic potential drop to be equal to the full swing at 
the beginning and at the end of each interruption, in the way described for 
oscillograms Nos. 2 or 3. The curve obtained in this way is shown on Fig. 10 
by means of a continuous line, and it is seen that the points taken on the side 
of the increasing fields, marked by circles, and the points taken on the descend
ing part of the current wave, marked by crosses, lie on a practically continuous 
line within the limits of experimental error. As already mentioned in this 
method of elimination of the e.m.f. by means of the sector interrupter, the lag 
in the deflection of the oscillograph begins to be appreciable and the accuracy 
of the experiment is diminished.

3. T he  Ch a n g e  of R e s is t a n c e  of B is m u t h  Cr y s t a l s  
in  a Ma g n e t ic  F ie l d  w it h  th e  Cu r r e n t  P e r p e n d ic u l a r

to th e  F ie l d

Some of the results of our experiments are represented by curves on Figs. 11 
to 16, the ordinates representing the ratio of the resistance R  of the crystal 
in a magnetic field to its resistance R0 without the field, and the abscissae the 
magnetic field in kilogauss. Curves marked by the same letter refer to the 
same crystal, the suffix indicating the orientation of the crystal relative to the 
magnetic field.

Most of the curves range from 0 to 320 kG and each was obtained from at 
least two oscillograms. The first was taken with weaker fields and covered the 
range from 0 to 100 kG, one or more additional oscillograms covering the re
maining part of the range to 320 kG. On some of the curves the measured points 
are marked to give an idea of the accuracy of the experiments; on others this 
has not been done for the sake of clearness in the drawing. For illustration some 
oscillograms are reproduced, the details of which can be learnt from the de
scription.

The experiments for most of the crystals were made at three different tem
peratures. First at room temperature, secondly at a temperature of about 
— 80°C, this being obtained by filling the Dewar flask c of Fig. 7, in which 
the crystal was placed with a mixture of solid C02 and ether, and finally at a 
temperature of — 182°C, by filling the Dewar flask with liquid air.

We will first describe the change of resistance of bismuth crystals when 
the current is flowing along the trigonal axis, i.e., perpendicular to the cleavage
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plane. For abbreviation we call this case I_LH an d / 11 axis, and the correspond
ing experimental results arc represented in Figs. 11, 12 and 13.

We first consider the effect of the orientation of the crystal when it is rotated 
round the trigonal axis, six similar orientations of the crystal relative to the 
direction of the magnetic field being possible in this case. In the first set one of

Fig. 11. R oom  tem perature, orientation  / | [  ax is  and I  L H.  Curve At, crysta l A , 
lin e  JL H.  Curve A 2, crysta l A , line | |  H.  Curve B 1, crysta l B , line ±  H.  Curve B , ,

crysta l B , lin e  11 H.

the lines on the perfect cleavage plane which, as was stated in Part I  of this 
paper, corresponded to the intersection of one of the three remaining pseudo- 
octahedral planes with the perfect cleavage plane, is perpendicular to the lines 
of magnetic force, and the other two lines form an angle of 30° with the magne
tic field. (This we shall call line _L //.) In this case we have the maximum change 
of resistance of bismuth in a magnetic field (given by curve Aj). When the crystal 
is turned through 30° two of the three lines on the perfect cleavage plane form 
an angle of 60° with the magnetic field, the remaining line being parallel to 
the field (line ] | //) and the increase of resistance with the strength of the 
magnetic field is a minimum (curve A,).

I am indebted to Dr. Webster who studied this phenomenon in weak magne
tic fields at room temperature, and who found that in turning a crystal round 
its axis in a magnetic field, these minima and maxima repeat themselves with 
a periodicity of 60°, and the variation in the change of resistance in a constant 
field almost approaches a sine curve. This effect of orientation is illustrated in 
oscillograms 5 and6, taken for the same crystalunder exactly similar conditions, 
except that in oscillogram 5 the crystal was in the position to give the maximum
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change of resistance (line ± H ) whilst in oscillogram 6 the crystal was turned 
round its axis by 30° (line 11II) and the minimum change of resistance was 
obtained. On comparing the two oscillograms, the smaller amplitude of the 
potential oscillograph traced by curve p is evident. In curves Figs. 11,12 and 13, 
where the change of resistance for the three above-mentioned temperatures 
is represented, the crystals with the orientation which gives the maximum

Fig. 12. T em perature of th e  m ixtu re of solid  C 0 2 and ether, orientation  /  11 ax is  a n d / 1 H.  
Curves A 1? B x, Cl5 E ls  line ± II. Curves A 2, B 2, D 2, line 11 H.

F ig . 13. T em perature o f liqu id  air, orientation  / | |  ax is and I  ±11.  Curves A l5 B ls 
line ± II. Curves A 2, B 2, C2, D 2, E 2, line 11 H.
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change of resistance are marked by the suffix 1, and correspondingly the crys
tals in the minimum position bear the suffix 2. The effect of the orientation has 
been most completely studied in the case of crystal A. We notice that the 
difference between the ordinates of the curves Ax and A2 increases up to a certain 
field and then remains practically constant, the curves being very nearly parallel 
or even showing a slight tendency to coincide at very strong fields. I t  is also 
seen that the constant difference is reached at smaller fields when the tempera
ture is lower. I t  is reached in liquid air at about 70 kG, in solid C02 at about 
120kG and in air the parallelism is not completely attained even at 320 kG.

I t  is well known that the effect of the temperature on the resistance change 
is very great; it is illustrated by the three oscillograms 5, 7 and 8, taken for 
the same crystal A, in the same orientation, but for three different tempera
tures. Oscillogram 5 was taken from the crystal at room temperature. The crystal 
had an initial resistance of 0-00325 ohm (12°C) and the deflection of the poten
tial oscillograph (curve p) is very noticeable, even without the field. Oscillo
gram 7 corresponds to a temperature of — 80°. The initial resistance of the crys
tal was 0-00215 ohm, and the sensitivity of the potential oscillograph was 
diminished four times (by diminution of the current through the crystal and 
increasing the resistance, w, Fig. 7), the initial deflection without the field 
being scarcely noticeable. Oscillogram 8 is for liquid air. In  this experiment 
the magnetic field was about three times larger than in the two previous cases, 
and the potential oscillograph was made 36 times less sensitive. The initial 
deflection of the oscillograph can no longer be traced on curve p.

The general way in which the resistance alters with the magnetic field at 
different temperatures can be seen from Fig. 11, where the results are given for 
experiments at room temperature of solid C02 and ether, and from Fig. 13 
for liquid air. We shall discuss these results in detail later, but at present we 
may remark that all the curves are of a similar character. At the beginning 
the resistance changes as the square of the magnetic field, and at stronger fields 
the change is proportional to the field.

We will now consider the influence of chemical impurities in the bismuth. 
For this purpose we compare two crystals, A and B.

The crystal A, for which the curves Ax and A2 corresponding to the two 
orientations were just described, was grown from a Hartmann and Braun rod 
on the copper plate (Fig. 1), with the cover B, and had, on measurement, a 
specific resistance of 1-51 x 10-4. The cleavage plane formed an angle of 89° 
with the axis of the rod. The crystal was fixed in the holder, Fig. 9, B.

The second crystal rod B was grown in a similar way, but was made from 
ordinary bismuth obtained from Kahlbaum. The crystal was fastened in the 
holder in the same way as crystal A. The change of resistance in the magnetic 
field for this crystal is given in Figs. 11, 12 and 13, by curves Bj and B2. In 
Fig. 11, at room temperature, it is to be noticed that curves Bx and and B2 
and A2 agree well within the limits of experimental error. At a temperature 
of solid C02, however, the curves for the crystal B, made of Kahlbaum bismuth, 
show quite a different change of resistance from that for crystal A. At first, 
up to about 15 kG, they practically agree with curves Aj and A2, but after this
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field it is seen that the curves Bx and B2 are well below the curves of Ax and 
A2, corresponding to a much smaller change of resistance. We see from Fig. 13 
that at a temperature of liquid air the Kahlbaum bismuth rod gives a very 
small change of resistance. The results are shown on the right-hand bottom 
comer of the same drawing. The change of resistance of crystal B was so small, 
in comparison with crystal A, that it was necessary for the scale to be consi
derably increased in order to draw the curve. I t  is seen that up to a field of 
8 kG the Kahlbaum bismuth rod has the same change of resistance as the 
Hartmann and Braun bismuth rod, which is shown by a dotted line A ± on this 
figure. Afterwards there is a sharp bend and the curve then runs in practically 
a straight line and the increase of resistance is very small.

These experiments confirm the already-known fact that impurities have a 
large effect in diminishing the change of resistance of bismuth in a magnetic 
field, and we see that this is chiefly noticed in strong fields and at low tempera
tures. As a practical result in our case we deduced that Hartmann and Braun 
bismuth was of a higher chemical purity than Kahlbaum bismuth. This fact 
was made use of in judging the purity of bismuth for our experiments, described 
in Part I, when we discussed the influence of impurities on the growth of 
crystal.

We shall now describe one of the most interesting points, namely, that the 
imperfection of the crystal lattice also has an important effect on the change of 
resistance. In Part I  of this paper the various imperfections of the lattice 
were described, and it was shown how these imperfections depend upon the 
manner in which the crystal is grown. We have now investigated the effect of 
different methods of crystal growth on the change of resistance.

We first chose two samples of crystals made of Hartmann and Braun bismuth, 
both grown with a sharp temperature gradient along the rod, as obtained in the 
apparatus with the platinum spiral (Fig. 4). One of these (D) was the most 
flexible crystal we had ever been able to obtain, having its cleavage plane 
inclined at 75° to the axis of the rod. The second crystal (C) was less flexible, 
and had its perfect cleavage plane at an angle of 89° to the axis of the rod. 
Both these crystals had the normal specific resistance, viz., 1-365 x 10“4 and 
1-38 x lO"4.*

At room temperature the change of resistance of these two crystals was 
exactly similar to that shown by crystal A and represented by curves Ax and 
A2 on Fig. 11. We have not drawn these two curves simply because they could 
not be distinguished from each other. At a lower temperature, however, in 
solid C02 and ether, the change of resistance of the flexible crystals was larger 
in stronger magnetic fields. The very flexible crystal is shown by curve D2 
and the less flexible one is represented by curve Cx. We see that in both these 
cases the resistance changes are practically the same as for the crystal A for 
fields up to 60 kG, but for higher field strengths the crystals C and D give a 
larger increase of resistance.

* T he crysta l D  had th e  low er resistance, due to  th e  in clin ation  of th e  cleavage plane. 
T h is varia tion  o f  resistan ce is in  agreem ent w ith  th e  V o ig t-T h om son  law  (cos20) w hich  
w e found to  hold  very  w ell for our crystals.
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At the temperature of liquid air we have even more marked differences be
tween curves for the flexible crystals D and C and the crystal A, as can be seen 
from Fig. 13. Here again, however, the difference appears only for stronger 
magnetic fields, and at a field of 100 kG the flexible crystal C (curve Cj) gives a 
change of resistance which is about twice greater than that obtained for the 
crystal shown by curve Ax.

This difference in the behaviour of crystals indicated clearly that it was due 
to variations in the perfection of the crystalline lattice, and this inspired the 
X-ray investigations of the crystals described in Part I  of this paper. As 
we have seen in Part I, the result of these investigations was to show that 
neither the crystal A grown on the plate, nor the flexible crystals C and D, 
grown in the apparatus of Fig. 4 with a platinum spiral, have a perfect crystal 
lattice. I t  was also seen that the relatively best crystals were obtained by 
growth under very uniform temperature conditions as produced in the appa
ratus of Fig. 5. We have chosen one of the best of the crystal rods grown in this 
apparatus, which had a specific resistance of 1-38 x 10-4, the cleavage plane 
having an angle of 89° with the axis of the rod, and studied the change of 
resistance in the magnetic field. We denote the curves for this crystal by E. This 
crystal was very carefully etched in order to remove the surface layer, which, 
as had been seen from X-ray examination, might contain small crystals. I t  
was placed in a holder similar to the one given on Fig. 9, B, only in this case 
special care was taken in handling not to produce any strain in the crystal when 
it  was fixed. Furthermore, to avoid any strain from the holder, the two ebonite 
plates of the holder /, which pressed on the sides of the crystal, were removed 
and the wires were soldered to the silver disks d.

No difference in the change of resistance for this crystal E from that of 
crystals A and B was observed at an ordinary temperature, and we obtained 
a curve which again coincided with the curve A2 given on Fig. 11. At the 
temperature of C02, the difference between the curves Ex and A2 was much 
more marked. The change of resistance in E is larger and is straight only 
after 200 kG.

Before describing the results for the change of resistance of crystal E at the 
temperature of liquid air, mention should be made of certain difficulties in 
the exact measurement of the ratio of R/R0 which were met with in all the 
crystals at such low temperatures. The first of these difficulties is that the 
very brittle crystals when immersed in liquid air become very fragile and 
often break by themselves along the cleavage planes. This is a result of the 
opening of one of the cracks in the rod which is difficult to avoid in this kind 
of crystal (see Part I). As this happened with the crystal E, in order to study 
it at liquid air temperature we had to take another bit from the same crystal 
rod, and, before immersing this in liquid air, bound it with a silk thread. This 
prevented the crystal from cracking. In order to distinguish this new piece we 
called it E'. Another difficulty is the breaking of the solder by which the silver 
disks were fastened to the rod. This was probably due to the strains set up 
between the bismuth and the silver due to a difference of expansion coefficient, 
and to the fact that at the temperature of liquid air the solder is very fragile.
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In some cases the disk did not break completely away, but the resistance of 
the crystal after being submitted to low temperatures increased by 10 or 
20 per cent. This was probably due to cracks developed in the solder, as after 
resoldering the crystal the resistance generally returned to the initial value. 
In some cases, when the crystal was imperfect, the resistance of the rod 
retained its larger value, this being due to the imperfections developed in the 
crystal. Before each experiment and after, we measured the resistance of the 
crystal after bringing it to room temperature. If a variation of more than 
5 per cent was noticed, the experiment was not taken into account.

Finally, as will be seen from the next paragraph, for a given magnetic field 
the resistance changes approximately as the fourth power of the temperature, 
and at liquid air temperature a difference of 1 degree will result in a change of 
about 5 per cent in the absolute value of the increase of resistance. We may 
easily admit that between individual experiments a difference of 1 or 2 degrees 
occurred from the variations in the temperature of the liquid air, which result 
from a difference in the concentration of oxygen.

All these sources of error probably reduce the accuracy of the absolute 
value of B/R0 taken at liquid air temperature for different samples of crystals. 
The error in some cases may reach a value of 15 to 20 per cent. The general 
shape of the curve, however, is not affected by this error, which is too small to 
account for the large differences which were observed between the crystals 
A, C and D, as shown by the curves on Fig. 13.

The same considerations apply to the curve E 2 in the same diagram for 
the crystal E taken at the temperature of liquid air. We see that the change 
of resistance is again about twice as large as for crystal A, and the curve has 
a different shape, becoming a straight line only at the higher field of about 
140 kG.

The reason why we did not "wish to place the crystal E in an ordinary holder, 
where it would be slightly compressed by the ebonite fork, was that we observed 
that a strain set up by the longitudinal pressure in a crystal influences the 
change of resistance of bismuth in magnetic fields. This phenomenon, which 
only happens at the temperature of liquid air, was accidentally traced from 
the observation taht if a crystal is carelessly soldered to the silver disks, with
out a mica washer, as described in Part II  of this paper, a different change 
of resistance is obtained. In order to prove the existence of this effect wc 
soldered a bismuth crystal between two silver plates and measured the change 
of resistance in liquid air. Then, by means of a silk thread, we bound the 
crystal as strongly as was possible without spoiling it, and again measured 
the change of resistance. Wc found then that in strong fields the crystal 
gives a change of resistance which is about 10 per cent less than that obtained 
for crystal which is not so bound. At the temperature of solid C02, or room 
temperature, this effect was not observed. This indicates that a pressure set 
up in a crystal has a similar effect to imperfections of the lattice in diminishing 
the change of resistance in magnetic fields.

We shall now describe the results for other orientations of the crystal, taking 
the case when the cleavage plane is parallel to the axis of the rod and the
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current is passing perpendicular to the magnetic field. We will call it I  ±  H 
and I  _L axis. In  this case we have to consider the effect of the orientation 
of the cleavage plane relative to the field and study two main cases—first where 
the cleavage plane is parallel to the lines of magnetic force and the second 
when it is perpendicular. These two cases we will call respectively axis _L H  
and axis 11 H.  Two further cases ought to have been considered, depending 
upon the position of the lines on the cleavage plane relative to the direction 
of the current, but as it is impossible to alter the direction of the current 
relative to these fines by a mere rotation of the crystal, it would be necessary 
to regrow the crystal with a different orientation of the fines. We should then 
be faced with a possible difference in the perfection of the two crystals which 
at present we cannot estimate in an independent way and which might com
pletely vitiate the comparison. We shall not therefore consider these two cases.

For the crystals with the cleavage plane parallel to the axis of the rod, we have 
not made that systematic study of the effect of impurities and imperfections 
of the crystal lattice on the change of resistance v/hich was attempted for the 
perpendicular orientation. We simply took a crystal, which we call X, grown 
from Hartmann and Braun bismuth, under the most uniform temperature con
ditions in the apparatus of Fig. 5, this crystal having a specific resistance of 
1*07 X 10-4 at 14°C, which is the smallest we have observed. From the low 
value of the specific resistance, we assumed that this was the most perfect 
crystal which we were able to obtain. I t  happened that in this crystal two of the 
fines on the perfect cleavage plane, resulting from the intersection of the three 
remaining planes of the pseudo-octahedron, formed an angle of nearly 60° with 
the direction of the rod. For a piece cut from this crystal for each of the three 
temperatures which we had been using, we took two curves of change of 
resistance, having the crystal orientated with the axis parallel and perpendicu
lar to the magnetic field. These two orientations are obtained by turning the 
crystal rod round its axis in the holder A or B on Fig. 9. In the first position 
(axis ±  H) the change of resistance in the magnetic field is larger and is given 
on Figs. 14, 15 and 16 by curve X j; in the second position (axis || H) the experi
mental results are represented on the same diagram by curve X2.

The diagram of Fig. 14 shows the results for the change of resistance at room 
temperature (15°). The crystal rod had the resistance of 0-00423 ohm. The 
change of resistance in this case is of the same magnitude and, in fact, is 
practically the same as curve A2 on Fig. 11, where the current was perpen
dicular to the cleavage plane. Curve X 2 is for the same crystal rod when 
it is turned through an angle of 90° round its axis. The change of resistance 
is smaller, but the general character of both curves is the same. We have 
a curvature in the beginning which tends to a straight line at stronger fields.

Curves Xj and X2 on Fig. 15 relate to the case where the crystal was placed in 
a mixture of solid C02 and ether. The resistance of the crystal was 0-00285 
ohm. The curves are of an exactly similar character as at room temperature— 
they commence with a curvature and then straighten out. Finally, in Fig. 16 
we give the curve for liquid air temperature. Here the resistance of the crystal 
was 0-00155 ohm. We see that the general character of the curve is again the
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same. From a comparison of the results for the three temperatures we see 
that the difference between curve X x, relating to the case where the cleavage 
plane was perpendicular to the magnetic field, and curve X2, referring to the 
case where it was parallel, gets larger as the temperature is lower. This mag
nitude of change of resistance for the position Xx is of the same order as the 
one observed for the crystal A with the axis perpendicular to the cleavage 
plane (Figs. 11, 12 and 13).

To see how the imperfection of the lattice affects the change of resistance for 
this orientation we took a crystal which -we had grown on a copper plate

Fig. 14. Room temperature, orientation I  X  axis and I  X  H . Curve Xx, crystal X, 
axis | | H . Curve X a, crystal X, axis 1  H . Curves ax and a2 for bismuth condensed from

vapour in vacuum.

0 40 80 120 160 200 240 280 ' ‘320

Field, kG

Fig. 15. Temperature of the mixture of solid C02 and ether, orientation I  X  axis and 
I  x  H . Curve Xx, axis 11 .ff. Curve X 2, axis X  H . Curve Y2, crystal Y, axis X  H .

Curves ax and oc2 for condensed bismuth.
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and which was probably far from being perfect, since its specific resistance was 
1*14 x 10~4. For this crystal, which we call Y, at room temperature we 
obtained the same change of resistance as given by the curves shown in Fig. 14 
(Xx and X2), but a t the temperature of solid C02, where we made only one 
measurement in which the cleavage plane was parallel to the magnetic field, 
we obtained a larger change of resistance than for the crystal X, this being 
shown by curve Y2 on Fig. 15. This is probably due to the fact that in this 
case we had in the crystal Y, as suggested in P art I, local changes in the 
direction of the trigonal axis in the crystal lattice. This would account for

0 40 80 120 160 200 240 280

Field, kG
Fig. 16. Temperature of liquid air, orientation I  X axis and I  X I I .  Curve X1; axis 11 H . 

Curve X 2, axis X I I .  Curves <x1 and <x2 f°r condensed bismuth.

both the large specific resistance and the departure of the curve Y2 from X 2 
since in the local imperfections, the cleavage plane will be more nearly per
pendicular to the current and the resistance is thereby increased.

4. D i s c u s s i o n  of t h e  R e s u l t s  f or  t he  E x p e r i m e n t s  on t h e  
Ch a n g e  of R e s i s t a n c e  w h e n  t h e  Cu r r e n t  i s  P e r p e n d i c u l a r

to t h e  M a g n e t i c  F i e l d

From the results described it is easily seen that when the current is flowing 
perpendicular to the magnetic field there is a great similarity in the change 
of resistance in the field for crystals differently orientated. All the curves of 
Figs. 11 to 16 are curved at the beginning, when the field is weak, and then at 
stronger fields straighten out. On closer examination we find tha t the initial 
part of each curve can be expressed by a quadratic law, viz.,

ARIR0 = a H 2 . ( 1 )

For the straight part of the curve we have
ARfR0 = f f H. (2 )
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I t  is convenient to describe each curve by the constants a and ff, and also by the 
strength of the magnetic field at which the curve ceases to follow the square 
law (1) and changes to the linear law (2). This critical field strength, which 
we shall call H K, can be given only very approximately, as in most curves no 
definite bends exist.

If we consider the influence of orientation of the crystal on these three con
stants, wc see that for a definite temperature the orientation of the crystal axis 
relative to the magnetic field chiefly affects the constant a of the square law, but 
the constant ff of the linear law is the same for all orientations but one. Thus the 
crystal A (Fig. 12) at the temperature of solid C02 has the same slope of the 
linear part (/S =  1-48 x 10~3) on both the curves, but in the orientation Ax line 
_L H,tx = T36 x 10"8 and in the orientation (fine || H) curve A2,a  =0-8 x 10~8. 
At liquid air temperature the curves Ax and A2 (Fig. 13) again have the same 
slope {ft =  5-44 x 10 '3). At room temperature (Fig. 11) the slopes are different, 
but as is indicated by the slight curvature, it is very probable that a t stronger 
fields (beyond 320 kG) they will come to parallelism. In this case we have for 
the curve Ax, a =  1*28 x 10~9 and ff = 1-27 x 10~4, and for the curve A2, 
a = 1-4 x 10' 9 and ft =  T53 x 10~4. For the crystal X with its cleavage 
plane along the axis of the rod, we have for the orientation (axis || H), curve 
Xx, exactly the same values for ff as for the crystal A at the corresponding 
temperatures, but the a for the three temperatures under investigation has 
smaller values than for crystal A, viz., for room temperature <x =  1-24 x 10~9, 
for solid C02 1-Ox 10~8, and for liquid air 0-88 x 10 '7. The only exception is 
for the orientation (axis _L H) curve X 2. Here the part of the curve which 
obeys the square law is very short and the values for a, and {$ are smaller than 
for the curves Ax, A2 and Xx.

The effect of the temperature is primarily to produce a very rapid increase 
in (% and /3 with the lowering of the temperature. From experiments at only 
three temperatures no definite law of change of <x and ff can be deduced, but 
we estimate from our measurements that cc and ff change inversely as the 
fourth or fifth power of the absolute temperature.

The effect of the chemical impurities of the crystal on the change of resistance 
may be described as only affecting H K and ff, making them smaller. From a 
comparison of the curves for the pure crystals made from Hartmann and 
Braun bismuth with the crystal B made of the less pure bismuth of Kahlbaum, 
we saw that the curves have the same initial change of resistance at all tem
peratures. This means that a. is the same. But for the temperature of liquid 
air (see the corner of Fig. 13) already at a field of H K =  8 kG, the curve B 
changes sharply to a straight line with a very small ff (1-35 x 10~4). At the 
temperature of C02, this change point is not very well seen from Fig. 12, as 
the scale of the diagram is too large, but actually it is given approximately by 
H k = 18 kG and the curve then follows a straight line with ff =  2-8 x 10~4. 
At room temperature this change occurs only at a field of 260 kG (Fig. 11).

H now we consider the influence of the perfection of the lattice, we see that it 
only affects the value of the critical field H A-, the value of <x and ff being indepen
dent of the state of perfection of the lattice. This we see from a study of the
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curves for the crystals A, C, D and E, which were made from the same purest 
bismuth of Hartmann and Braun, but grown in different ways. I t  is seen from 
Fig. 12 that at the temperature of solid C02, the temperature at which we 
were able to trace the influence of the imperfection of the lattice, all the 
different crystals having the same orientation have the same value for a 
within the limits of experimental error. This means that in the beginning they 
follow the same square law, but with the difference that the crystals which 
we take to be most perfect, such as the crystal E, follow this square law to 
higher fields, that is, H K is larger.

After the change to the linear law of increase of resistance, however, we have 
the same slope, or /3 is the same. For instance, the crystal E, at a temperature 
of solid C02, follows the square law fairly well to a field strength of 100 kG, 
and the crystal which is less perfect only to 60 kG. Similarly, we observe on 
the curves of Fig. 13 taken at liquid air temperature, that the breakdown from 
the square law for the crystal E does not occur until 120 kG, but for the 
crystal A2 at a field strength of about 40 kG.

To sum up all these results in a general way, we may think of the influence 
of the temperature, impurities and other factors, on the change of the resistance 
of bismuth in the magnetic field in the following way.

A crystal lattice can be distorted, first by the temperature, due to the vibra
tion of the atoms, secondly by impurities, thirdly by the imperfections of the 
lattice, of the type described in Part I  of this paper, and finally by a strain 
set up in the crystal. At room temperature the disturbance of the lattice 
due to the thermal motion of the atoms plays a predominant part and the 
other factors have no marked influence. This explains why, for all our 
crystals at room temperature, we had similar curves to those given by Aj and 
A2 on Fig. 11.

At the temperature of C02 the disturbances due to the impurities in the 
lattice, as in the case of the Ivahlbaum bismuth crystal B, begin to be com
parable with the disturbances due to the temperature motion of the separate 
atoms in the lattice, and we have the difference between pure and impure 
bismuth as seen from the curves on Fig. 12. The lattice imperfections produced 
during the growth of the crystal are also comparable with the disturbance 
due to the temperature, and on Fig. 12 wc see the difference in the curves A, 
E, C and D.

Finally, a t a temperature of liquid air the disturbances of the lattice, produced 
by the temperature motion, arc so small in comparison with those due to the 
disturbances due to the imperfection of the lattice, that the latter factors are 
even more appreciable and may make a still greater difference in the curve 
for the change of the resistance, as seen on Fig. 13. In this case, for example, 
it is even possible to trace the very small disturbances produced in the lattice 
by small strains set up through binding the holder with a silk thread, as was 
described in the last section.

As the results obtained iu our experiments depend upon the chemical 
impurities and upon the imperfections of the crystal lattice, it is important 
to discuss the question of how perfect our crystals were from a chemical and
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physical point of view, and how closely the change of resistance in a magnetic 
field, which we observed, approaches that of an ideally perfect crystal. I t  is 
very difficult to answer these questions. As regards the chemical purity of 
the bismuth which wc used, that of Hartmann and Braun is by reputation the 
purest, and it is possible that the purity was sufficiently high to make the 
results independent of the influence of chemical impurities. To settle this 
question systematic analysis and further purification of bismuth are necessary. 
I t  is unfortunately much more difficult to find out how perfect was the crystal
line lattice of our best crystals. The difficulty lies in the fact that we possess at 
present only one independent means of judging the perfection of the crystal 
lattice, viz., X-ray analysis, but in our case it appears not to be sufficiently 
certain. Wc saw from the first part of this paper that the X-ray analysis 
shows us that a crystal such as E, which was grown in the uniform temperature 
condition (sec Fig. 5), is, as far as can be determined by the X-ray reflections, 
a perfect crystal, but the X-ray analysis fails to trace the existence of a few 
cracks which we know still exist in the crystal.

I t is very probable that these cracks, if they are not very numerous, have no 
influence on the change of resistance in the case when the current is perpendi
cular to the perfect cleavage plane (7 || axis). As, however, we are not sure of 
the number of cracks, the question of the perfection of the crystal lattice must 
be left open. The question is made more difficult by the fact that even if we 
admit that the crystal is nearly perfect after growth, it is very difficult to be 
sure that after cutting a piece 3 or 5 mm long from the rod, and fixing it in the 
holder, the lattice is not disturbed. I t  was noticed that if the crystal was 
carelessly handled, e.g., by over-heating when it is soldered between the silver 
disks d, Fig. 9, or by pressing it too hard when the crystal is introduced in the 
ebonite holder /, Fig. 9, the crystal was very often spoiled. This could some
times be traced by an examination of the crystal under a microscope. The 
crystal appeared bent and had lines on the surface, which indicate that slipping 
occurred between the cleavage planes. We also noticed that such damaged 
crystals behaved, in a magnetic field, like crystals with an imperfect lattice. 
In the latest experiments we took the greatest care to handle the crystals 
carefully, but even then it was impossible to be sure that strains set up from the 
holder, due to the difference of thermal expansion between the ebonite and 
bismuth, do not spoil the lattice. I t  is very difficult to avoid all these distur
bances produced in fixing the crystal, when such small pieces of the crystal 
are used. To avoid all these difficulties the experiments would have to be 
repeated with a coil of larger diameter, where a more satisfactory method of 
fixing the crystal would be possible. Wc think, however, that in cases where 
special attention was given to fixing the crystal (as in the case of crystal E), 
the distortion was not very great and the error introduced was of the same 
order as the general precision of our measurements.

In the following section, where the change of the resistance of bismuth 
with the current parallel to the magnetic field is described, we shall again dis
cuss the perfection of the lattice of our crystal, as in this case the imperfections 
of the lattice have an even larger influence on the change of resistance. I t  will
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be shown that it is even possible that all the effect is to be ascribed to the 
imperfections. If this be the case, these experiments afford another method of 
finding the perfection of the crystal.

Leaving aside the question of the absolute perfection of the crystals which 
we were using, we may still, from a comparison of the results from different 
crystals, obtain information as to how an ideally perfect bismuth crystal will 
change its resistance in a magnetic field.

First of all it is evident that even an ideal crystal in all orientations within 
the range of temperature which we investigated will first change its resistance 
with the square of the magnetic field and after the critical field linearly. 
Secondly, taking into account the influence of the impurities and imperfections 
of the lattice, it is evident that an ideal bismuth crystal in the region of weak 
fields, when the change of resistance follows the square law, will have the same 
coefficient a as our crystals in corresponding orientations and at corresponding 
temperatures. The difference between our crystal and a crystal made of ideally 
pure bismuth will be that the latter may have a larger value for the coefficient /3 
for the fields where the increase of resistance follows the linear law, and a 
crystal which has a more perfect lattice than ours may have a larger value 
for the critical field H K, which separates the region of the square and linear 
laws. This difference between an ideal crystal and our crystal may, however, 
be apparent only at lower temperatures, and we may be sure that for ordinary 
temperatures the two curves Ax and A2, Fig. 11, and curves Xx and X2, 
Fig. 14, will be practically identical with that of an ideal crystal, as the influence 
of the imperfection of the crystal is in this case small compared with the 
disturbances produced by the heat motions of the atoms.

For the experiments at a temperature of solid C02, we find that the impurities 
and the imperfections of the crystal lattice have already a marked influence, 
and all that we can say is that for our most perfect crystal E, H K is about 
100 kG (whilst for the less perfect crystal A, H K =  60 ltG), so that it is im
possible from our data to fix the value of H K for an ideal crystal, but it will 
certainly not be less than 100 kG. The same argument applies to the linear 
part of the curve, the slope of which gives the coefficient and also to the 
experiments at the temperature of liquid air.

We shall now discuss one of the most interesting phenomena—the existence 
of what we have called the critical field H K in the change of resistance of bis
muth. This critical field is not well defined, but it may have an important 
theoretical significance. Below the critical field the crystal follows a square 
law of change of resistance, the coefficient a, of which depends very much on 
the orientation of the crystal, but after the critical field we have a linear law 
which, for all orientations of the crystal [except one in the orientation for the 
curve (X2)] is the same for any crystal made of the same bismuth and observed 
at the same temperature. This suggests that in the region of the linear change 
of resistance after the critical field, the condition for the motion of the con
ducting electrons is similar in all crystals for all orientations. I t  would appear, 
therefore, that above the critical field the influence of the neighbouring atoms 
on the conducting electrons, which depends on the symmetry of the crystalline
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lattice, is lost. This change or “ reconstruction,” as we may call it, produced 
by the field, whatever it may be, probably takes place during the increase of 
the magnetic field from 0 to H K during the square law part of the curve. The 
ease with which the reconstruction takes place depends not only on the initial 
orientation of the crystal relative to the field, but also on the perfection of the 
crystal. We may say that impurities and imperfection in the crystal which 
disturb the lattice make the reconstruction easier and reduce the value of H K.

I t  will be interesting to see whether any other physical phenomena, such as 
diamagnetism, also change after the critical field is reached. If such a change 
be observed it will throw light on the character of the reconstruction, about 
which we can speak only vaguely at present.

As we may expect this reconstruction to be noticeable in the most favour
able cases only at fields higher than 50 kG, it is evident that it could not have 
been observed in the weak fields used by previous investigators.

Finally, we have to remark that it is difficult to compare the results just 
described with old ones. First, because in previous experiments the residual 
e.m.f. was never eliminated, and this, even in weak fields, as has been shown 
by Geipel, 16 reaches a value of 7-8 per cent of the potential drop along the 
crystal. Secondly, because the crystals were not so perfect as those prepared 
by our methods, and we have seen how markedly the measurements are affected 
by the imperfection of the crystal lattice, and thirdly, because observations 
were confined to weak magnetic fields which were not covered in our in
vestigations.

5. T h e  S t u d y  of t h e  C h a n g e  oe R e s i s t a n c e  oe B i s m u t h  
C r y s t a l s  w h e n  t h e  C u r r e n t  i s  P a r a l l e l  t o  t h e  

M a g n e t i c  F i e l d

For the experiments described in this paragraph, we have been using a holder 
for the crystal given on Fig. 9C. The results of the observation are given by 
curves in the same way as before, the scale for the ordinates being in this case 
much greater as the change of resistance is here very small. The letters by 
which the curves are marked refer to the same crystal as studied in the trans
verse phenomenon, but the suffixes in this case refer not to the orientation of 
the crystal but to the temperature. We use the suffix 1 for room temperature, 
2 for solid C02, and 3 for the temperature of liquid air. We will first consider 
the set of observations relating to the curve when the current was perpendicular 
to the cleavage plane. We call this case I  || II  and I  || axis.

In the first place we studied a piece of the same rod from which the crystal 
A was cut. The results are given on curves Ala A2 and A3, Fig. 17. Here we 
are at once struck by the fact that the resistance change is not only very small 
but quite definitely reaches a limiting value. For instance, a t room tempera
ture, curve Ala Fig. 17, shows that the resistance increases very little after 
reaching a field of 120 kG. At a temperature of C02, the curve A2 shows a 
slightly larger change of resistance, but the saturation phenomenon is even 
more marked and it is reached at a smaller field—about 80 kG. The oscillo-



206 Collected Papers of P. L. K afitza

gram, No. 10, taken for this curve, illustrates this saturation phenomenon. I t  
can be seen very clearly that the deflection of the potential oscillograph reaches 
a limiting value and remains constant, although the current through the main 
coil is increased.

The most curious curve was obtained for liquid temperature (curve A3). 
This shows not only this saturation phenomenon, but in addition the resistance.

1 7T - ---1---1—* Di I

0 40 80 120 150 200 240 280 320

Field, kG

Fig. 17. Orientation / | |a x i8  and I  | [ H. Curves A 15 A ' ,  Dj, Ej room temperature. 
Curves A 2 , D2, E2, temperature of solid C02 and ether. Curves A 3, A 3 , A'a' ,

temperature of liquid air.

after reaching a maximum at about 60 kG, gradually began to drop. The 
phenomenon was so curious that we decided to repeat the experiment. I t 
happened that the first experiment was made towards the end of the week, 
when the liquid air used had been stored for a week. The experiment was 
repeated at the beginning of the next week with fresh liquid air. Unfortunately 
the contacts in the crystal were spoiled before this experiment, and to re
establish them the screw g on Pig. 9 C was pressed down, thereby changing the 
stress conditions in the crystal. First of all we found the change of resistance 
in this experiment to be larger than before, as is seen from curve A3, but no 
drop of resistance was observed. Repeating the experiment with the old 
liquid air we obtained curve A3 and here again a drop of resistance is seen. 
The explanation of this phenomenon is very simple. When we used old liquid
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air most of the nitrogen had evaporated and we had a larger concentration of 
oxygen in the liquid air than in a fresh sample. I t  was mentioned in Part II  
of this paper that, owing to the larger paramagnetism of liquid oxygen, the 
pressure in the Dewar flask in very strong fields may be very considerable. 
For instance, if we had pure oxygen only, the pressure corresponding to a 
field of 300 kG will be about 15 kg per cm2. With fresh liquid air this pressure 
will be only about 3 kg per cm2. Now it is evident that the fall in the resistance, 
curves A3 and A3 , can easily be accounted for by this pressure, if we assume 
that the cracks in the crystal close under the pressure produced by the liquid 
air, thereby diminishing the resistance. With the increased concentration of 
oxygen in old liquid air the pressure is larger and the closing of the cracks is 
more effective.

After the experiment with liquid air the curve was again taken for room 
temperature, and we obtained the curve A j. We see that the change of resis
tance is somewhat larger than for curve Ax before the screw g was tightened 
up. When the crystal was taken out and examined under a microscope we 
found that the crystal rod was considerably bent, and the deformation of the 
crystal was quite evident. Apparently this deformation was produced when 
the screw g was screwed down.

For the next experiment we took a piece of the very flexible crystal and 
made a special holder; the leads (e), Fig. 9 C, were arranged so that they were 
pressed to the silver disks from the sides, and practically no longitudinal 
pressure on the crystal was possible. With this flexible crystal we obtained 
curves Dj and D2. We see that the change of resistance is about one-half of 
that for the crystal A for the two corresponding temperatures. Using a piece 
of the rod from which the crystal E was made, grown, as stated, in the appa
ratus, Fig. 5, and believed to be the best crystal, we again obtained a smaller 
change of resistance than for the crystal A at room temperature (curve Ej) 
and also at the temperature of C02 (curve E 2).

We were unable to perform the experiments for the crystals E and D at 
the temperature of liquid air for the reason that in the new holder, in which 
there was no axial pressure on the crystal, the soldering broke in the case of 
the crystal D when placed in liquid air, and in the case of crystal E the crystal 
itself broke. I t  has already been mentioned that it is very difficult to use 
these brittle crystals in liquid air, as most of them crack along the cleavage 
plane, if no pressure is applied to the crystal along its axis.

We shall now describe experiments with the other possible orientations of 
the crystal with its cleavage plane parallel to the axis of the rod (case /  ]1 H  
and H  _L axis). The crystal was placed in the same holder, Fig. 9 C, and the 
results of the experiments are given by the curves in Fig. 18. A piece of the 
same crystal rod was used as in the experiments with the current perpendicular 
to the field, and which we called crystal X. The curve marked by X2 refers 
to room temperature, by X 2 to solid C02 and ether, and by X3 to the temperature 
of liquid air. The results from the point of view of magnitude and general 
character arc exactly similar to those obtained in the case previously treated, 
except that the pressure effect of liquid air docs not now appear. This we
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ought to expect as the possible cracks are parallel to the current, and their 
closing or opening will not influence the resistance of the crystal rod.

From all these experiments we see that in this case we have an exactly 
opposite phenomenon to that observed in the experiments when the current 
was flowing perpendicular to the magnetic field. The change of resistance is 
much larger for the imperfect crystals than for the perfect ones, and in the 
case (I || axis) it is very easily influenced by the pressure. This all suggests 
a simple explanation of these phenomena. If we imagine that there is a crack, 
as in crystal A, or an imperfection, as in crystal X, which produces a large 
local increase in the resistance of the crystal, then the current in these places 
will not flow parallel to the axis of the rod, but will simply choose the way of 
the minimum resistance and may conceivably have local components which 
are perpendicular to the axis of the rod. Now when the crystal is placed in a

% - - - -
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Fig. 18. Orientation /  X  axis and I  \ \ I I .  Curve X x, room temperature. Curve X 2, tempera
ture of solid C02 and ether. Curves X3, X 3, temperature of liquid air.

magnetic field which is parallel to the axis of the rod, these perpendicular 
components of the current will flow perpendicular to the magnetic field, and 
the resistance, in the perpendicular direction, will be very much increased, as 
has been seen from the previous section. Finally, the current will be compelled 
to flow parallel to the rod, taking the paths which had a larger resistance, 
in the absence of the field. When this parallelism in the lines of flow of current 
is reached no further increase of the resistance of the bismuth rod is possible, 
and we have the saturation phenomenon as shown by the curves on Figs. 17 
and 18. If we have a crack in the crystal, which offers at a certain place a very 
large resistance, the current will flow round this crack, but when the crack 
is closed by means of pressure, as may happen in the case of liquid air, the 
current may flow through the broken part again, and it is evident that the 
resistance of the rod will diminish. I t  is highly probable that all the effect of 
the change of resistance, which we have observed in the case where the current 
is parallel to the magnetic field, is due to the imperfection of the crystal. This 
point of view, which reduces all the phenomena to a secondary effect, simply 
due to the imperfection of the crystals, is also confirmed by the fact that 
all the changes of resistance for the three different temperatures are of the same 
order. This fact alone makes it almost impossible to suppose that the pheno
mena have the same origin as in the case where the current is perpendicular
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to the magnetic field. On the other hand the observation that the saturation 
value is reached at a lower temperature with a smaller field, exactly supports 
our view, as at low temperatures, owing to the very rapid increase of the 
resistance for the small perpendicular components of the current with increas
ing magnetic field, the straightening out of the current parallel to the rod 
will happen more quickly. Our view is also strongly supported by the fact 
that at all the three temperatures the same relative change of resistance is 
observed. This is seen most clearly on Fig. 18, where the curves X l5 X 2 and 
X3 have the same saturation value. This is exactly what we should expect 
from our explanation. The path of the current without the magnetic field, as 
well as the changed path with the field, will be the same if the imperfections 
of the crystal do not alter for different temperatures, and this will evidently 
result in the same relative change of resistance.

If this explanation of the phenomenon is correct, we may use it for judging 
the perfection of the crystals. In our most perfect crystals, such as crystal E, 
we are left with some increase of resistance. This is not necessarily due to the 
imperfection of the crystal, but may be produced by some imperfection of 
experimental arrangement. For example, at the point where the bismuth rod 
is soldered to the silver disk, the contact may not be equally good over the 
whole surface and this will result in the current being brought out of parallelism 
producing exactly the same result as the imperfection of the crystal. This was 
confirmed in some experiments in which after resoldering the crystal the 
limiting value for the change of resistance sometimes increased or diminished. 
The breaking of the contacts in liquid air, described in the previous section, 
has also a very large effect on the increase of resistance.

In addition, part of the effect is no doubt due to the fact that it is impossible 
to cut out a piece of rod without damaging the crystal near the place of section. 
This effect is probably more marked in the crystal with the cleavage plane 
parallel to the rod, like crystal X, where more strain is put upon the crystal 
when it is cut, than in a crystal where the cutting is made along the cleavage 
plane.

The small rise in resistance after the saturation value is reached may be 
attributed to the fact that the crystal was not perfectly aligned with the 
magnetic field and the magnetic field was not perfectly uniform in that part of 
the coil where the crystal was placed. I t  is evident that if this is the case the 
current flowing in the crystal will tend to flow along the lines of force of the 
magnetic field, for if it flows perpendicular to the lines of force it will meet a 
very large resistance. With increasing field, the lines of flow of the current 
will gradually shift, and the resistance of the crystal will increase. On Fig. 18 
we have an illustration of this phenomenon. Crystal X was turned in the 
holder to make a small angle with the magnetic field, and instead of having 
the curve X3 the curve X3 was obtained which has the same saturation value, 
but after which a steady increase of resistance is still well marked.

In our experiments, as we were working with small pieces of bismuth, a 
perfect alignment of the axis of the rod with the magnetic field was not obtain
able. But we may roughly separate the increase of resistance due to this
OPX 8
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error in setting the crystal, from the other, if we extrapolate the flatter part of 
the curve as shown by dotted lines for the crystal E on Fig. 17. Then the 
ordinate at which this curve intersects the axis of coordinates will give us the 
saturation value of the change of resistance which will occur in the same 
crystal when it is properly aligned with the field.

We see that the increase of resistance for the most perfect crystal E in this 
case will be only 15 per cent at room temperature. At the temperature solid 
C02 and ether it will be about double. This is probably due to the strains set 
up in the crystal at lower temperatures owing to the difference of tempera
ture expansion in the crystal which may open the cracks and affect the contacts 
between the silver disk and the bismuth rod. The change of resistance in 
crystal E is very small and it is quite possible that it may be fully accounted 
for by the imperfection of the experimental arrangement, as already described. 
I t  is very probable that by further refinement of the experimental arrange
ments we may be able still further to reduce the small change of resistance 
observed. I t  is important to mention that the change of resistance which we 
have observed is already considerably smaller than in previous observations.17 
A precise comparison is unfortunately difficult as these results all relate to 
weak fields (about 2-A. kG) in the region where we can only extrapolate our 
data with an accuracy of 20-30 per cent. Even in this case, however, the 
values obtained in our experiment showed that the increase of resistance was 
several times (in no case less than three times) smaller than previously obtained, 
showing that our crystals, grown in the way described in Part I  of this 
paper, were much more perfect. This is also confirmed by some other facts, 
for it is known that imperfect crystals give a smaller decrease of resistance 
when the temperature is diminished. In the table below we give the ratio of 
the resistance at the temperature of solid C02 (193°K) and at the temperature 
of liquid air (91°K) to that at room temperature (290°K) for the two direc
tions along and perpendicular to the crystal axis for our best crystals and 
compare them with the results for crystals which were grown in crucibles and 
studied by Borelius and Lindh in a magnetic field A .7

1 11 Axis I  -L Axis

7̂ 290
7̂ 193 M 

1 o 7̂ 290
-̂ 193

7̂ 290
7*91

Our crystals 1-84 3-00 1-54 2-73

B. and L. 1-33 1-88 1-4G 2-46

From this table it is evident that our crystals were more perfect than those 
obtained previously.

If our suggestion for the explanation of the phenomenon of change of 
resistance is correct, we see that our best crystal is crystal E, as we assumed 
in the previous section and as was confirmed by X-ray analysis.
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6. T h e  Ch a n g e  of t he  R e s i s t a n c e  of B i s m u t h  C o n d e n s e d  from

V a p o u r  i n  V a c u u m

As has been seen from the previous experiments at low temperatures, the 
influence of the imperfection of the crystal lattice plays an important part 
in the phenomenon of the change of resistance in magnetic fields.

Since we were unable to produce what we may call an ideally perfect crystal 
by the methods described in Part I, an attempt was made to produce perfect 
bismuth crystals by growing them by means of direct deposition of bismuth 
vapour on a plate. The general idea of this experiment was that if the bismuth 
atoms from the vapour were directly deposited on the crystal they would at 
once place themselves on a rhombohedral lattice, and all possible strains, due 
to the transformation from one modification to another, as described in Part I, 
would be avoided. These experiments were not successful, but some results 
obtained may be of interest.

The apparatus used in these experiments consisted of a quartz tube, 30 cm 
long and about 1 cm in diameter, having a bulb about 3 cm from the bottom 
end, this end being sealed. Beneath the bulb the quartz tube was drawn to 
a neck 3 or 4 mm inside cross-section. During the experiment the tube was 
evacuated to the highest possible vacuum by means of charcoal and liquid 
air. Some pure Hartmann and Braun bismuth was placed in the bottom of 
the tube. About 1 cm above the neck, in the middle of the bulb, a quartz 
plate, 8 mm in diameter, was placed on a solid copper holder. The holder 
was fixed to a glass tube inserted in the quartz tube from the open end in such 
a way that the disk with the holder did not touch the quartz tube. When 
the bismuth in the bottom of the tube was heated a molecular beam was 
formed which struck the quartz plate and formed a deposit. Arrangements 
were provided to warm up the copper holder by means of an electrical heater, 
or to cool it with water or liquid air. A thermocouple, touching the quartz 
disk, recorded the temperature.

When the deposit was obtained the following curious phenomenon was 
observed. If the temperature of the quartz plate was low—at the temperature 
of liquid air, or even at room temperature—the bismuth deposit had no 
apparent crystalline structure. If the bismuth deposit was }mm thick, it 
formed a grey mass which was very brittle and in no way resembled ordinary 
bismuth. The specific resistance of this bismuth was very high, and the tem
perature coefficient was negative.

I t  appears from these experiments that at low temperatures the atoms stick 
to the plate without forming a crystal and most probably form an amorphous 
mass. We noticed that on the surface of the quartz bulb, which kept fairly 
warm during the experiment, the layer deposited was of a different character, 
and was much more like ordinary bismuth. This suggested heating the quartz 
plate to a higher temperature by means of the electric heater. In this way 
we were really able to obtain layers which were of a quite definite crystalline 
character. When we kept the plate at 200°C the bismuth deposit obtained no 
longer had a negative temperature coefficient, and its specific resistance was
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about 1-7 x 10~4. Depositing bismuth throughout the day at such a tempera
ture we obtained a deposit of about 3 to 4 mm thick which looked very like a 
little mountain made of needles stuck perpendicularly to the quartz plate. These 
needles slightly adhered to one another, and it could be seen under the micro
scope how these needles broke away when pressed by the point of a sewing 
needle. Each individual needle apparently consisted of other needles, which, 
by the slight pressure of a pin, could be separated. I t  was clear that the struc
ture of the deposit was crystalline, consisting of many very small needles 
having only one general orientation in the direction of the incident beam of 
molecules.

The following attempts were made to obtain single crystals instead of a 
bunch of needles. In  the first place, instead of the quartz plate, a large bismuth 
crystal was used with its freshly broken cleavage plane perpendicular to the 
beam, but the deposit grew on it in an exactly similar way as on the quartz 
plate. This might be due to impurities absorbed on the surface layer of the bis
muth crystal. The following experiment was then made to obtain a clean 
surface. After a small layer of bismuth had been deposited on a quartz plate 
it  was heated above the melting point of bismuth. The surface layer then broke 
up into small drops which remained stuck to the plate, and when cooled each 
drop turned to a single crystal providing a centre of crystallisation for the con
densing bismuth atoms. As the whole procedure took place in a high vacuum, 
the possibility of having a contaminated surface layer was less likely. The 
bismuth deposit was then made on the drops, as before, at a temperature of 
200°C, but on examination it was seen that the cleavage plane of these drops 
had no relevance to the small needles which stuck to them, and that there 
were about 50 or 60 needles growing from one drop. This means that the orien
tation effect on the crystalline axis, produced by the direction of the falling 
molecules, is much more important in the growth of the deposit than the plane 
of the crystal on which it is deposited.

However, a plate about 1 mm thick and 3 mm -wide was cut out from the 
3 mm thick deposit made of needles, and was placed in the holder in order to 
investigate its change of resistance in a magnetic field. The results obtained 
are shown by curves ax and a 2 in Fig. 14 for room temperature, in Fig. 15 for 
a temperature of solid C02, and in Fig. 16 for the temperature of liquid air. 
These curves all relate to the case when the current is perpendicular to the 
magnetic field. In  the case described by curve oix the current passed through 
the plate under examination, parallel to the direction of the needles. In the 
case of a 2 the current passed perpendicularly to the needles. The same plate 
was used for obtaining both these curves, only it was soldered in the holder 
in different ways. We see that the change of resistance in this case, especially 
at low temperatures, is smaller than for the bismuth crystal in our experiments. 
The reason for this is probably that the boundary layers between the individual 
needles, which are probably quite good crystals, play the role of imperfections 
in the crystal lattice. This point of view is confirmed by the fact that curve 
oc1 is always above curve a 2, because in the former case the current is passing 
along the needles, so that it has fewer boundaries to cross.
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The phenomenon here observed bears a close relation to the observation 
made by Patterson18 and afterwards studied by Holliveque19 and studied in 
more detail by Hecker and Curtis. 20 They found that a very thin bismuth 
layer, deposited by cathodic sputtering on a cooled plate, does not change its 
resistance in a magnetic field. The deposited layer commences to show a 
change of resistance in magnetic fields only after it has been heated to a higher 
temperature. This phenomenon is apparently not connected with the thinness 
of the layer, but is simply due to the fact that bismuth deposited by cathodic 
sputtering on a cold surface probably forms an amorphous mass in the same 
way as by vapour deposition, which may be described as a crystal spoiled to 
its limit, and in this amorphous state bismuth has no change of resistance in 
a magnetic field. As soon as it is heated, the layer crystallises itself and the 
normal bismuth properties appear. This is confirmed by some of our observa
tions in which much smaller changes of resistance in magnetic fields were found 
for layers about \  mm thick, when these layers were deposited on a cooled 
plate.

7. T h e  R e s i d u a l  E.M.F. Oc c u r r i n g  i n  B i s m u t h  i n  t h e
M a g n e t i c  F i e l d

The residual e.m.f. developed in bismuth in a magnetic field, when a current 
is passed, reached a very considerable value in our experiments as is easily 
seen from oscillograms 2 and 3. Our experimental method was not suited 
to a study of this phenomenon with great accuracy, since, as is seen from the 
oscillogram, the inverse e.m.f. does not reach its limiting value in 1/100 sec. 
We therefore made only a general study of the magnitude of this phenomenon 
in different field strengths, for different orientations of the crystal and for 
varying temperatures. The magnitude of the residual e.m.f. was estimated in 
the following way. We used the field with the flat top, as shown on oscillograms 
Nos. 2 and 3, Plate 16, and broke the current in the crystal in a quite definite 
place towards the end of the flat part of the current wave in the coil by means 
of the special switch described in Part II. Then from the oscillograms we mea
sured the ratio of the negative deflection of the potential oscillograph, which is 
due to the residual e.m.f., to the full amplitude, at the moment of break of the 
current through the crystal. This ratio, which we call n, is evidently given by

n — E
T r ’ (3)

where E  is the residual e.m.f., R the resistance of the crystal in a magnetic 
field, and I  the current through the crystal. From the value of n and R  we were 
able to judge the absolute magnitude of E. I t  was at once noticed that this e.m.f. 
occurs only in the cases where the current was flowing perpendicularly to the 
magnetic field. The maximum e.m.f. for crystals is observed in an orientation 
when the current is perpendicular to the perfect cleavage plane, the phenomenon 
being several times smaller, when the current is parallel to the cleavage plane. 
This result is in agreement with the previous observations made by Geipel.21 In 
this research we limited our study to the case where the current is perpendicular
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to the cleavage plane, as only in this case could we expect a reasonable 
accuracy from our method of measurement of the e.m.f.

In the first instance we verifed that n is independent of the current sent 
through the crystal. This was easily done by taking an oscillogram, as shown 
on oscillogram 2 , then doubling the current through the crystal and taking an
other oscillogram with the same magnetic field in the coil, but halving the sensi
tivity of the potential oscillograph. When the two oscillograms were super
posed the complete coincidence of the lines traced by the potential oscillo
graph proved that the ratio n does not depend on the current density, and that 
E  is proportional to /. We also proved that n does not depend on the length 
of the crystal rod. Using a holder for the crystal, shown in Fig. 9, A, we first 
measured n for a given field between the potential leads and afterwards be
tween the silver discs, in this way doubling the length of the crystal. The value of 
n obtained for these two experiments was the same. These results are in agree
ment with those of Sicdlcr15 and Geipel,21 for smaller current densities and for 
weaker fields.

The first result which we will consider is the change in the e.m.f. produced 
by changing the orientation of the crystal when it is turned round its axis 
by 30°. We took a crystal in the two orientations described in section 2 
(line | |/ /  and line _L H), and it was easily noticed that the ratio n is larger in 
the case when the crystal is placed relative to the magnetic field in such a way 
that one of the lines on the perfect cleavage plane was perpendicular to the 
lines of magnetic force (line _L H), for which the crystal has also its maximum 
change of resistance. For instance, for one of the crystals, which we call K, 
at room temperature, at a field of about 190 kG, in the orientation (line _L H), 
the ratio n =  0-18, and for the same magnetic field, but after being turned by 
30° to the position (line ||/I), the ratio n = 0-10. These two cases are illustrated 
in oscillograms 11 and 12, both taken under similar conditions, oscillogram 11 
being for the position (line _L//) and oscillogram 12 for (line ||//). I t  can easily 
be seen that n is greater in oscillogram 11. This influence of the orientation for 
a given crystal remains unaltered for all strengths of the magnetic field and for 
different temperatures.

The influence of temperature and the field strength on the e.m.f. depends 
very much on the perfection of the crystal, the chemical and crystalline perfec
tion of the crystal influencing the e.m.f. even at room temperature. We ob
served that the most perfect crystals, which at low temperatures give the 
largest increase of resistance, also have the largest values for the ratio n. We 
shall first consider the influence of the field and temperature on the value of n 
for one of the best crystals K. The value of n at each temperature Avas measured 
for two or three field strengths, and avc found that at room temperature, for 
the orientation (line _L//), and a field// =  95 kG, n =  0-175; for / /  =  191 kG, 
n = 0-18. For the orientation (line ||//), / /  =  95 kG, n =  0-09, and for / /  =  
194 kG, n = 0-10. At the temperature of solid C02 for the orientation (line _L H ) 
we had for H = 97 kG, n = 0-22, and for / /  =  194 kG, n = 0-19 (oscillo
gram 2). At liquid air temperature different specimens of a good crystal gave the 
following values for n : at / /  =  95 kG, n = 0-06; / /  =  156 kG, n =  0-075, and
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H — 247 kG, n =  0-04. From these data we see first of all that n increases 
slightly at the temperature of solid C02 and drops to a small value at liquid air 
temperatures. For each of these three temperatures the value of n does not 
seem to depend much on the field strength. The small drop in n, which is ob
served with increasing strength of the field, may be accounted for by the fact 
that in strong fields the time to develop the full e.m.f. may be longer. The ex
perimental error is also considerable in these experiments as the negative deflec
tion due to the e.m.f. is small. In most cases the estimated error in the absolute 
value of n is ± 0 -01 .

From the expression (3) for n, we see that if n is constant, E  will be pro
portional to II. This means that the residual e.m.f. will change with the mag
netic field in the same way as the resistance, as shown in the curves, Figs. 11, 
12 and 13. Thus in weak fields the e.m.f. will be proportional to the square of 
the magnetic field and will afterwards increase linearly with the field strength.

The imperfections of the lattice are found to exert a great effect on the 
absolute value of n, but as in the case just described, n changes but little with 
the magnitude of the magnetic field, even for a relatively imperfect crystal. 
If we compare the oscillogram No. 9, Plate 18, which was taken for one 
of our best crystals E, with the oscillogram No. 7, Plate 17, taken at the same 
temperature, but for a less perfect crystal, we see that the negative deflection 
of the potential oscillograph is nearly twice as large for the crystal E as for A. 
This shows that the most perfect crystal from the point of imperfections 
of the lattice showed the largest e.m.f. For instance, a t room temperature, 
when the crystal was placed in the maximum position (line EH),  different 
specimens of bismuth crystal, grown in different ways from the same Hartmann 
and Braun bismuth, gave values of n ranging between n = 0-13 and n =  0T9 
(for the crystal A, n =  0-14); at a temperature of solid C02 and ether n ranged 
from 0-22 to 0-14 (for the crystal A, n =  0-15).

The chemical impurities prove to have an enormous effect on the e.m.f. 
The less pure crystal B, already described in section 2, which was made from 
Kahlbaum bismuth, gave at room temperature the following values for n. 
For the maximum position (fine E li) , where H = 95 kG, n =  0*14; where 
H  =  194 kG, n =  0T7 (oscillogram No. 13, Plate 19); in the position (line ||//)  
where H = 93 kG, n =  0-07, and where H = 195 kG, n =  0T0, these values 
being only slightly on the small side. For the temperature of solid C02 , however, 
we have the following data. In the maximum position B (line EH),  where 
H  =  195 kG, n = 0—no noticeable e.m.f. In the minimum position B2 
(line ||U) where H  =  95 kG, n =  0-03 (oscillogram No. 14, Plate 19), and where 
II  =  195, n = 0—again no e.m.f. This suggests, if we examine the curves 
Bx and B2 on Figs. 11 and 12, that as long as the change of resistance of the 
impure crystal B follows the curves of the pure crystals A, C and D, the e.m.f. 
has a more or less normal value, but as soon as the field reaches such values 
that the curve of B no longer follows the curve A, the e.m.f. not only ceases 
to increase, but gradually drops to zero.

As previously stated, the e.m.f. has already been studied by Seidler and 
Geipel,15, 21 and a theoretical explanation of this effect has been given by



E X P L A N A T I O N  OF PLATES 16-19

In  all th e  oscillogram s th e  tim e  scale is from  th e  r igh t to  th e  le ft. T he in terruption  in  
th e  lines seen on som e of th e  oscillogram s are caused  b y  in terruption  o f th e  b eam  of ligh t  
fa lling on  a mirror o f th e  th ree oscillographs b y  a litt le  sh u tter  operated  b y  a synchronous  
m otor. The in terva l o f tim e  betw een  tw o  in terruptions is 1/180 of a second. One of th e  
ob jects  o f th e  in terruption  is to  m ark corresponding p o in ts on th e  different curves.

Curve H  is traced  b y  th e  oscillograph w hich records th e  current through  th e  coil w here 
th e  m agn etic  field is ob ta in ed . Curve I  is traced  b y  th e  oscillograph w hich  records th e  
current through  th e  crysta l. Curve p  is traced  b y  th e  oscillograph con n ected  to  th e  p oten tia l 
lead s of th e  crysta l. In  som e experim ents i t  w as found n ecessary  to  m easure th e  tension  
across th e  break of th e  m ain current through  th e  coil, th is  curve is m arked b y  T.

O scillogram  No. 1. T h is oscillogram  w as tak en  to  illu stra te  th e induction  in th e  circu it 
of th e  p o ten tia l oscillograph due to  th e  variation  of th e  m agn etic  field. For th is  
purpose no current w as sen t through th e  crystal and th e  traces of a deflection  of th e  
p oten tia l oscillograph were due to  th e  in d u ction . H older F ig . 9 B  w ith  th e  crysta l B  
w as used . T em perature 22*5°C. T he field on  th e  top  of th e  current w ave  77max =  320 kG. 

Oscillogram  No. 2. Crystal K. (7 _L 77) and (7 \ | ax is), H older F ig . 9 B  (line _L 77). 
R esistan ce  of th e  crysta l 77° =  0-00331 ohm . T em perature T  =  193°K  (solid  C 0 2 
and ether). 77max =  194 kG. Current through th e  crysta l 7 = 1  am pere. R esistan ce  
to (F ig. 7) o f th e  p o ten tia l oscillograph r =  20-5 ohm . R atio  b etw een  th e  residual 
e .m .f. and  th e  p o ten tia l drop due to  th e  change of resistance n =  0-19.

Oscillogram No. 3. T h e sam e conditions as oscillogram  N o. 2 , w ith  th e  excep tion  th a t  
in  th is  case th e  current through  th e  crysta l is broken earlier, n =  0-16.

Oscillogram No. 4. F rom  th is oscillogram  th e  loop  curve on F ig . 10 is tak en  (7 _L 77) 
and (7 11 A x is). T he crysta l w as cu t from  a b ism uth  p la te  grow n like th e  rods in  th e  
ap p aratu s on  F ig . 1. H older F ig . 9 A . R0 =  0-0075 ohm . T em perature 22°C. 
77mai =  242 kG. 7  =  3 am pere.

Oscillogram  N o . 5. (7 J_ 77) an d  (7 [[ax is). Curve A x, F ig . 11 (line J_ H ). H older  
F ig . 9 B . R0 =  0-00325 ohm . T em perature =  17°C. 77max =  109-5 kG. 7 = 3  am pere. 
r =  5-05 ohm .

O scillogram  N o . 6 . A ll conditions sim ilar to  th ose in  oscillogram  N o . 5 w ith  th e  ex cep 
tion  th a t  th e  crystal is tu rned  b y  30°. Curve A 2, F ig . 11 (line || 77). 77max =  108 kG. 

O scillogram  N o . 7. Crystal A  in th e  sam e position  as on  oscillogram  N o . 5 (7 J_ H )  
and (7 || ax is). Curve A l t  F ig . 12 (line J_ 77). H older F ig . 9 B . R 0 =  0-00205 ohm . 
T em perature =  193° absolu te. 77max =  107 kG. 7 =  1-5 am pere, r =  10 05 ohm . 

Oscillogram  N o. 8. Crystal A  in  th e sam e p osition  as in  N o . 5 (7 J_ 77) and (7 || axis). 
Curve A 1( F ig . 13 (line J_ 77). H older F ig . 9 B . R 0 =  0-00112 ohm . T em pera
tu re =  91° ab so lu te  (liquid  air). 77max =  300  kG. 7 =  1-0 am pere, r =  60-05 ohm . 

O scillogram  N o. 9. C rystal E . (7 J _ 7 7 ) and ( 7 | |a x i s ) .  Curve E lt  F ig . 12 (line _L 77). 
H older F ig . 9 B . R 0 =  0-00805 ohm . T em perature =  193° ab so lu te . 77max =  280 kG. 
7 =  0-5 am pere, r =  60-32 ohm .

O scillogram  N o . 10. C rystal A . (7 I F )  and (7 || ax is). Curve A lt  F ig . 17. H older  
F ig . 9 C. R 0 =  0-001055 ohm . T em perature =  22-5°C. 77max =  300 kG. 7 =  3 am pere. 
r =  4-05 ohm .

Oscillogram No. 11. Crystal K . (7 J_ 77) and (7 || a x is), th e  crysta l in th is case being  
turned  b y  30° (line _L 77). 770 =  0-0053 ohm . T em perature =  23-5°C. 77mai =  191 kG. 
7 =  3 am peres, r =  10-05 ohm . n — 0-183.

O scillogram  N o. 12. C rystal K . (7 _L 77) and ( 7 | |a x i s ) .  (line || 77). H older F ig . 9 B . 
R0 =  0-0053 ohm . T em perature =  23-5°C. 77max =  194 kG. 7 =  3 am peres, r =  
5-05 ohm . n =  0-10.

Oscillogram  N o. 13. C rystal B . (7 J_ 77) and (7 || ax is). H older F ig . 9 B  (line J_ 77). 
R 0 =  0-00463 ohm . T em perature =  22°C. 77max =  194 kG. 7 =  3 am peres, r =  10-05 
ohm . n =  0-17.

O scillogram  N o. 14. C rystal B . (7 _L 77) an d  (7 [| ax is). H older F ig . 9 B  (line || 77). 
R0 =  0-00385 ohm . T em perature =  193° ab solu te. 77max =  93 kG. 7 =  3 am peres. 
r =  10-05 ohm . n =  0-03.

216



X a  x

P
l

a
t

e
 1

6.



P
l

a
t

e
 1

7.



P
l

a
t

e
 1

8.



a  —

>*

P
l

a
t

e
 1

9.



Bismuth Crystals in  Strong Magnetic Fields 217

Heurlinger.22 Their experiment was carried out by means of a ballistic galvano
meter which was switched on to the bismuth wire after the main current had 
been broken. If we compare their results with ours, we find that the maximum 
value of n which they observed, if expressed in our way, was n =  0-08, which 
is about three times smaller than our maximum value. This is probably due 
to the greater imperfections in the lattice of their crystals. Our results for 
the change of the e.m.f. with the temperature, when expressed in the same 
way as those of Seidler or Geipel, do not quite agree with theirs. These investi
gators state that the maximum e.m.f. is observed about the temperature of 
solid C02 and ether. In our case this was only true for imperfect, crystals, 
the best crystals showing a continuous increase in e.m.f. with decreasing tem
perature. For instance, if we take the crystal K, taking the e.m.f. to be unity 
at room temperature, in a field of 95 kilogauss at the temperature of solid 
C02 E  =  13, and for the temperature of liquid air E  =  50. The crystals with 
a bad lattice show any appreciable e.m.f. at the temperature of liquid air, 
and this is probably why Geipel observed his maxima for the e.m.f.

We very roughly studied the decrease of the e.m.f. with the time from oscil
lograms like oscillogram 3, where the current was switched off at the beginning 
of the flat part of the current wave. The value obtained was of the same order 
as observed by Seidler and Geipel, and as would be expected from the theory.

The explanation of the origin of the residual e.m.f. as given by Heurlinger22 
can be described in the following way. I t  is known that if a current is passing 
through a conductor in a magnetic field a difference of temperature occurs 
across the conductor in a manner very similar to the Hall effect. This pheno
menon was discovered by Ettinghausen and is called after his name. As a result 
of this transverse temperature gradient, a thermal current is set up perpendi
cular to the bismuth rod. On the other hand, Nernst has discovered that 
perpendicular to a thermal current in a magnetic field a difference of potential 
will occur. In  our experiments with bismuth we have the two phenomena 
occurring at once. The difference of temperature produced perpendicular to 
the rod, due to the Ettinghausen phenomenon, results in a thermal current 
which produces the longitudinal e.m.f.

As it appears from the study of the Ettinghausen phenomenon that it takes 
some time to establish the temperature gradient, this accounts for the time lag 
phenomenon. From the data given by Zahn23 for the Nernst and Ettinghausen 
phenomenon, Heurlinger obtains the correct value and sign for the resulting 
e.m.f. in bismuth. A verification of this theory is impossible in our case as the 
magnitude of the Nernst and Ettinghausen phenomenon is not known for 
the field strengths with which we are working. As, however, the general theory 
of the phenomenon is no doubt the same, we find from this theory a full justi
fication for the elimination of the e.m.f. in the way stated in section 1 of 
this paper. I t  is evident that this e.m.f. is only a secondary phenomenon, which 
unfortunately reaches very large values for good crystals in strong magnetic 
fields. (For instance, in the case of measurements made in liquid air in a field of 
about 155 kG, when a current of \  ampere was sent through the crystal, the 
e.m.f. reached the value of 0-16 volt in the length of 3 mm.)
OPK 8 a
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As already stated, our experiments were of an approximate character only, 
but as the residual e.m.f. is only a secondary phenomenon, depending on the 
separate effects of Ettinghausen and Nernst, it was not thought worth while 
to refine our experiments. We hope later to make a separate study of these 
two effects in strong fields, but even from our present experiments it is quite 
evident that the Ettinghausen and Nernst effects in bismuth depend not only 
on the orientation of the crystal but also markedly on the state of perfection 
of the crystal. Further, from the constancy of n for a definite crystal in a 
variable magnetic field which makes the change of resistance proportional to 
the residual e.m.f., we must also admit a close physical connection between 
the phenomena of Nernst and Ettinghausen and the change of resistance of 
bismuth in magnetic fields.

If the difference of temperature due to the Ettinghausen phenomenon, at 
a given temperature, in a crystal of given orientation, is

A T  = j(H) I , (4)

where I  is the current and /( //)  a function depending in this case only on the 
field II, then in the same bismuth crystal, at the same temperature, the 
longitudinal e.m.f. due to the Nernst effect will be equal to

E = A T  . F(H)  (5)

where F  is another function characterising the Nernst phenomenon. We get 
from (3), (4) and (5) F (II) f(H)jR = n constant for a given crystal at a given 
temperature.

From measurements of Zahn23 for weak fields we know that f(H) o c  II and 
F(II)  o c II. Thus we get R  o c / / 2 as we actually observe in weaker magnetic 
fields. Since for stronger fields R  o c  II we must have

F (II) . f(H)  o c  H.

This shows that in strong fields the Ettinghausen and Nernst phenomena 
cannot both be proportional to the magnetic field as is usually assumed, and 
as is true for weak fields.

8. Co m p a r i s o n  w i t h  T h e o r y

The theory of the change of resistance of conductors in a magnetic field 
was first given by J. J. Thomson,24 then by Ganz25 and recently bySommerfeld,26 
but it is very difficult to account by means of any of these theories for the large 
change of resistance which takes place in such a peculiar substance as bismuth.

In Sommcrfeld’s theories of electrical conductivity it is assumed that free 
electrons exist in the metal, but, as a result of the strong interaction between 
the electrons, they have not the classical distribution of velocities, but a 
different one given by the modern quantum and wave mechanical theory. 
The law of distribution of velocity derived from the quantum theory, as given 
by the Fermi-Dirac statistics, makes the velocity of the electrons much higher
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than on the classical theory, and also shows that the velocity distribution in a 
metal under ordinary conditions is practically independent of the temperature. 
This is the main difference between the new and the older theories. The picture 
of a current passing through a metal remains the same, namely, that when a 
difference of potential is applied to a conductor the free electrons get an excess 
of momenta in the electric field which is absorbed by the nuclei of the heavy 
atoms which form the lattice of the crystal. The specific resistance of the con
ductor depends on the efficiency of the mechanism of transmission of the excess 
of momenta from the electrons to the lattice. The effect of the magnetic field 
on a conductor after the theory of Ganz and Sommerfcld, consists in the fact 
that the electrons, due to the deflection of their paths by the magnetic field, 
accumulate less momenta between two collisions from the applied electric 
field, and the result is an increase of resistance of the conductor. The magnitude 
of the change of resistance in a magnetic field, calculated on the basis of this 
picture, is very small, and even for a substance like silver, which changes its 
resistance very little in a magnetic field, is, as was pointed out by Sommerfeld,26 
about ten thousand times less than the experimentally observed value. For 
bismuth, the discrepancy between the theory and experiments is even larger. 
If, for instance, from the formula 77 a , given by Sommerfeld, we approximately 
calculate the free path of an electron necessary to account for the change 
of resistance in magnetic fields, taking the values for the coefficient of change 
of resistance (1), at liquid air temperature of a  =  2-76 x 10-7 (Sommerfeld’s 
B), we find that the value I of the free path is above 1 cm, which seems impos
sibly large.

Further discrepancies between the theory and experiment lie in the fact 
that the theory gives the change of resistance to be proportional to the square 
of the field. For bismuth this is only true for weaker fields (1), but for higher 
fields we have the linear relation (2). We shall shortly publish some results 
for the change in resistance of other substances, and here again we find that 
the change of resistance in strong fields follows more closely the linear law. 
For instance, copper at liquid air temperature, in a field of 300 kilogauss, 
increases its resistance by approximately 35 per cent, and this increase follows 
very closely the linear law.

This difference, not only in magnitude of the effect, but also in the way in 
which it depends on the field, shows the difficulty of accounting for the change 
of resistance of a conductor in magnetic fields by deviation of electrons moving 
freely between two collisions. A more likely picture for the change of resistance 
in magnetic fields can be obtained if we assume that the magnetic field has a 
direct influence on the mechanism of collision between the electron and the 
atoms. I t  is quite evident that the picture given at the beginning of the sec
tion, for the mechanism which accounts for the resistance of a conductor, is 
only a very crude one and is usually adopted only as an illustration. We see 
from the value of the free path of an electron of a conductor, as obtained 
from Sommerfcld’s theory26 that an electron passes a few hundred atoms 
before making a collision in which all the excess of energy and momentum is 
given up to the atom. Probably what actually happens is that the electron
8 a*
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is continually transferring small amounts of its excess energy and momentum 
to the atoms, and the effect of all these small collisions will, at a distance which 
is called the free path, be equivalent to a complete collision.

Our suggestion is that the disturbance produced by the magnetic field in the 
atoms of the conductor will increase the efficiency of these “ small collisions,” 
and this will increase the resistance. This hypothesis will not affect all the 
important advantages of Sommerfeld’s theory, and, from a formal point of 
view, the effect of a magnetic field may be regarded as a decrease in the length 
of the free path of the electron.

The elaboration of this suggestion is difficult, as the mechanism of a collision 
between an electron and an atom is at present unknown in detail, but from 
the attempts already made27 we may expect28 to have this question solved on 
the basis of the wave mechanics. At present all that we may attempt to do is 
to compare the collision between an electron and an atom in a conductor with 
that which we observe in gases. Here we have the well-known Ramsauer 
phenomenon. This effect, so far as it has been studied, has two definite factors. 
First, that the interchange of energy between an electron and an atom may be 
much smaller than may be expected from a collision theory; and secondly, 
that the efficiency of the collision depends to a great extent upon the structure 
of the atom. The most symmetrical atoms, like those of the inert gases, absorb 
very little momentum and energy from the electron in a collision, and for them 
we have the most complete Ramsauer effect.

To develop our suggestion further, we shall also assume that the free electrons 
in the metal make the most efficient collisions -with the atoms of the crystalline 
lattice when they have an unsymmetrical structure.

By means of this hypothesis we may obtain an explanation of several 
phenomena observed in conductors. First of all we can explain why the specific 
resistance of bismuth is high and is so sensitive to the magnetic field. From 
our hypothesis we should expect that those elements which have the most 
symmetrical configuration of the core when the free electron is removed, will 
make the least effective collisions with the electrons and will have the highest 
conductivity per atom. In the first column of the periodic system we may 
expect to have the most symmetrical atomic cores, as they are similar to the 
inert gases, and we actually observe the highest conductivity per atom.21 
In bismuth the state of affairs is very different. I t  has been suggested by 
Ehrenfest,12 from a consideration of the diamagnetism of bismuth, that the 
electrons move round several nuclei forming large orbits. These orbits will 
make the crystal lattice behave as though it were made up of molecules having 
a very unsymmetrical structure, which will be very unlike the structure of 
inert gases, and we have to expect a very small “ Ramsauer effect”, and this 
will account for the high specific resistance of bismuth.

From our point of view we regard the effect of the magnetic field in increasing 
the resistance of a metal as originating from its disturbing effect on an atom 
in changing the velocity of the electrons and orientating the orbits, making it 
thereby less symmetrical, and thus increasing its efficiency of collisions with 
electrons. Owing to the large size of the electronic orbits in bismuth the magnetic
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field will be much more efficient in spoiling the symmetry of the molecules, 
and in this way may very easily account for the exceptionally large increase 
of resistance. The experimentally observed influence of the orientation of the 
crystal lattice relative to the magnetic field on the change of resistance in 
bismuth may be explained by the fact that these large electronic orbits must 
have a definite orientation in the crystal, as the diamagnetic susceptibility of 
bismuth is different in different directions relative to the crystal axis. They 
are therefore differently affected by the magnetic field when it is applied at a 
different angle, and the efficiency of collision is changed, leading to a different 
increase in the resistance.

The existence of a critical field (section 3) which separates the region of weak 
fields, where the change of the resistance is quadratic from the fields where it 
is linear may probably be explained by the fact that above H K the critical 
value for the orientation effect of the magnetic field on the orbits is stronger 
than that of the inter-molecular forces arising from the symmetrical distribu
tion of the atoms in the lattice, and the orbits reach a steady orientation. In 
this state the orbits arc probably less affected by the field and have a smaller 
(linear) change of resistance. This is also strongly supported by the observed 
fact that the change of resistance after the critical field is reached in most cases 
does not depend on the initial orientation of the crystal.

The temperature effect may be described as follows. The atoms in a metal 
conductor, or, in the particular case of bismuth, the molecules, suffer a thermal 
oscillation in the lattice and disturb each other. This disturbance is evidently 
equivalent to making the atom less symmetrical and this increases the efficiency 
of the collision with the free electrons, the disturbances evidently being larger 
at higher temperatures. This will account for the decrease of resistance at 
low temperatures. As the amplitude of vibration is directly connected with the 
absolute temperature, we may expect that the decrease of resistance will 
also be a function of the absolute temperature. The combined effect of the 
magnetic field and the temperature is more difficult to picture, but it is con
ceivable that the two phenomena produce disturbances of a different character 
in the atoms which are not additive. At room temperature in bismuth the distur
bances due to the temperature motion of the atoms prevail, and we have a 
smaller influence of the magnetic field. The lower the temperature the more 
prominent are the disturbances produced by the field.

Impurities and imperfections of the lattice also have a similar effect on the 
conductivity. A foreign atom introduced in the lattice will disturb the sym
metry of the lattice and each atom will be less symmetrically surrounded by 
others and the symmetry of the atom itself will be diminished. Since one 
foreign atom may disturb quite a large portion of the lattice, we can sec why 
the value of the specific resistance is so sensitive to traces of certain impurities. 
A genuine imperfection of the lattice will act in a similar way. I t  is evident 
that at high temperatures the asymmetry produced by this imperfection will 
be small compared with that produced by the temperature motion of the atoms 
and will have less effect on the specific resistance and the change of resistance 
in magnetic fields (see section 2).
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We have seen that all the conductivity phenomena of bismuth are more 
sensitive to impurities and imperfections of the lattice than those of any other 
metal. This can be explained by the fact that any imperfection not only affects 
the symmetry of the molecules, but may also break the large orbits into small 
ones. These have different properties and are less affected by the magnetic 
field, as is seen from experiments with the amorphous deposits. Here the large 
Ehrenfest orbits probably no longer exist, and no marked change of resistance 
in magnetic fields occurs. (It would be interesting to test the magnetic proper
ties of the amorphous bismuth; on our assumptions it must be much less dia
magnetic than in crystals.)

In sketching out these suggestions, we have always spoken about electrons 
in collision with atoms. We took this picture as it is more familiar. No doubt, 
however, any quantitative development of these ideas, if possible, can only 
be attempted on the basis of wave mechanics. In this case we have to replace 
the word “electron” by the word “wave”, and write, instead of the “ efficiency 
of collision,” the “ scattering power of an atom,” and so on. The chief assump
tion, however, upon which all this speculation depends will be in the wave 
mechanics that the scattering power of an atom in a metal is increased by the 
disturbance produced in the atom by a magnetic or any other kind of field, as, 
for example, that of neighbouring atoms.

All the work produced in the three parts of this paper has been done with 
the continuous assistance of Mr. E. Laurmann, to whom I would like to express 
my personal thanks.
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18. THE CHANGE OF ELECTRICAL CONDUCTIVITY 
IN STRONG MAGNETIC FIELDS*

Abstract. (1) Some improvements on the method of measuring the change 
of resistance in strong magnetic fields are described.

(2) The change of resistance in a transverse field at room temperature, at 
temperature of solid C02 and ether and at the temperature of liquid nitrogen 
has been studied in the following metals: Li, Na, Cu, Ag, Au, Be, Mg, Zn,
Cd, Hg, Al, Ga, In, Tl, C, Ti, Ge, Zr, Sn, Pb, Th, V, As, Sb, Bi, Ta, Cr, Mo,
Te, W, Mn, Pe, Ni, Pd, Pt; in a gold-silver alloy and in Cu3As.

(3) The change of resistance in a parallel field was measured for a few 
metals.

(4) It was found that in all the metals the change of resistance follows the 
same law which can be expressed by a formula which fits the experimental 
results quite well. This formula gives a square law in weak fields and a linear 
law in stronger fields.

(5) It has been shown that the physical change produced in a conductor 
by hardening and annealing has a strong influence on the phenomenon of 
change of resistance.

(6) The influence of the impurities is also very marked and was studied.
(7) A comparison with the results of previous experimental researches is 

given.
(8) A theory is given for the phenomenon of change of resistance in a 

magnetic field which assumes that the change of resistance follows a linear 
law with the increasing field, and that it is masked in weak fields by distur
bances existing in the metal which are equivalent to that produced by an 
inside magnetic field.

(9) Formulae are obtained which agree with experimental facts and permit 
the separation of the ideal resistance and the additional resistance which is 
produced by internal disturbances.

(10) It has been shown that the additional resistance is independent of the 
temperature, and that the ideal resistance has a constant value for a given 
temperature for each metal independent of its physical and chemical state.

(11) It has been shown that the additional resistance is identical with the 
residual resistance which is observed close to the absolute zero.

(12) It  has been suggested that supra-conductivity is a general pheno
menon in all metals, but that it is masked by the additional resistance which 
disappears at very low temperatures in certain metals.

(13) The properties of the coefficient /? of the linear law of the change of 
resistance is discussed, and it is shown that there is a certain connection 
between the value of /? and the position of the element hi the periodic system.

(14) The relation of the magnitude of the change of resistance with the 
position of the element in the periodic system is examined.

(15) The bearing of the present research on the modern theory of conduc
tivity is discussed, and it is shown that the phenomena observed cannot be 
adequately explained. Some tentative suggestions are advanced in this 
connection.

* P. L. Kapitza, The change of electrical conductivity in strong magnetic fields, Proc.
Boy. Soc., A 123, 292 (1929).
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P a r t  I .  E x p e r im e n ta l  R e su lts

1. I n t r o d u c t i o n

In a recent paper1 the author described experiments on the change of resis
tance of bismuth crystals in magnetic fields up to 300,000 gauss. In agreement 
with previous investigators it was found that the resistance of bismuth in 
weak fields increases in proportion to the square of the magnetic field, and in 
stronger fields follows a linear law, the increase of resistance being proportional 
to the magnetic field up to fields of 300 kG.

I t  was further found that this linear part of the change of resistance is, in 
most cases, independent of the orientation of the crystal in the magnetic 
field, and also of the degree of perfection of the crystal. This suggests that we 
are concerned with an atomic phenomenon. On studying several other sub
stances it was found that the increase of resistance, although on a much smaller 
scale, is similar to that observed in bismuth, following first the square law and 
in fields above 60 to 100 kG a linear law. This has led to a systematic study 
of the elements throughout the periodic table. About 35 different metals have 
been investigated at different temperatures, varying from room temperature 
to the temperature of liquid nitrogen, and the law of change of resistance 
mentioned above is found to be general for all.

The linear part appears to be independent of the physical (crystalline) state 
of the metal, and to be related to the position of the element in the periodic 
table. Further, it is found possible to obtain a quantitative explanation for 
the law of change of resistance based on some theoretical considerations which 
are described in detail in Part I I  of this paper. The hypothesis proposed 
for the interpretation of the experimental results throws some light on the 
mechanism of electrical conductivity in general, and also on the phenomenon 
of supra-conductivity.

The primary object of this research was not to obtain a great accuracy, but 
rather to carry out a survey of a large number of metals with a view to eluci
dating the general aspects of the phenomenon, leaving the details until some 
later date. The methods employed in the previous work on bismuth1 were 
found to be suitable, except that certain refinements, to be described later, 
were introduced. By this method it was possible to measure changes of resis
tance to one-half or one-quarter per cent in favourable cases, and, as the change 
of resistance in most substances at low temperatures in a field of 300 kG was 
more than 30 per cent, this accuracy was sufficient for the purpose in 
hand.

The first part contains a description of the few improvements made on our 
previous methods, followed by a systematic account of the experiments on 
each individual metal. The second part attempts to give a theoretical generali
sation of our results and a discussion of their bearing on the present theory of 
metallic conductivity.
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2. T h e  E x p e r i m e n t a l  A r r a n g e m e n t

The general scheme of the experimental arrangement is shown in Fig. 1 
and is very similar to that used in the author’s earlier experiments on bismuth 
crystals.1

In the coil a the magnetic field is produced for the short time of the experi
ment. In the opening of the coil is placed the Dewar flask e containing the 
conductor b whose behaviour is to be studied in the magnetic field. If necessary 
the conductor may be cooled by filling the Dewar flask with liquid nitrogen or 
a mixture of solid C02 and ether. The current is sent through the conductor 
from the battery through the resistance h, and the sector interruptor I, and

is recorded by the oscillograph /. The make and break of the current through 
the conductor is produced by the two switches, k, i, which are operated auto
matically and timed with the current wave through the coil in the manner 
described in the author’s previous paper.1 The current through the coil is 
recorded by the oscillograph y  connected to the shunt z. The potential across 
the conductor is recorded by a very sensitive oscillograph x. The only change 
from the previous arrangement was that in some cases, when the resistance of 
the conductor was too small, it was found necessary to introduce a trans
former T in the circuit. By using this transformer it was possible to obtain 
larger deflections with the same current passing through the conductor, as 
the transformer secondary, connected to the oscillograph, eontained more 
turns than the primary and so increased the potential across the oscillograph. 
This transformer was specially designed, the general idea being to use a 
very small magnetising current of only 1 or 2 per cent of the primary current. 
In this case the ratio between the current in the primary and in the secondary 
remained constant during the experiment to within 1 or 2 per cent. To obtain 
these results a ring composed of thin laminations (d =  0-2 mm) of Mumetal,
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which has a high permeability, ranging between 3000 and 15,000, was used for 
the core of the transformer. This ring had a rectangular section 4 cm high 
and 2 cm wide, its inside diameter being 5-6 cm.

The second very important point in design was to arrange that the trans
former should have as little self-induction as possible, i.e., as little as possible 
“ leakage” between the primary and the secondary of the winding. This was 
ensured by using the special winding shown diagrammatically in Fig. 2. Two 
wires a, b of the same thickness were wound together round the transformer 
core C, lying close to each other. One of the wires b is interrupted in four equally 
distant places and the eight ends are connected in such a way that the four 
equal sections of the winding are in parallel. In this way the current flowing

through the wires a and b is in opposite directions, as shown by the arrows, 
the magnitude of the current in the wire b differing from that in the wire a 
by the value of the magnetising current only, which, as already stated, was 
very small. Evidently this gives practically a bifilar winding and very little 
stray magnetic field is created.

The necessity for having a transformer with a small self-induction is illus
trated by the two oscillograms (1 and 2, Plate 20, p. 232). The curve I  on these 
oscillograms is drawn by the oscillograph /, Fig. 1, when a square impulse of cur
rent, produced by the sector interruptor, was sent through a conductor b 
of very small resistance. No magnetic field was produced during the experi
ment. Curve p on this oscillogram is drawn by the potential oscillograph x. 
In both cases a transformer T was introduced in the manner shown in Fig. 1. 
The oscillogram 1 is taken with an ordinary transformer, oscillogram 2 with a 
transformer wound as shown and described in Fig. 2. On oscillogram 1, owing 
to the self-induction of the transformer, the two curves I  and p, drawn by oscillo
graphs /  and x, are not all similar. On oscillogram 2 the shape of the curve p
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is seen to be unaffected by the self-induction of the transformer, and is practi
cally similar to that of the curve I.

The transformer actually used did not have four sections, as in Fig. 2, but 
eight. Its primary had 160 turns of 22 s.w.G. enamelled wire. The secondary 
was wound with the same wire, having eight sections with 20 turns in each. 
The winding was made in two layers with great care.

Special care was taken to devise a proper method for fastening the conductor 
in the holder. Different types of holders were used according to the material 
under observation, and are shown in Fig. 3. In the simple cases, where the 
material was obtained in the form of a wire, the holder shown in Fig. 3 A was 
used. To the end of an ebonite plate a 1-5 mm thick was screwed an ebonite 
cylinder b, on which was cut a double thread. The wire c was wound on this

cylinder in a bifilar way, as shown on the figure, and the two ends of the wire e 
and d were soldered to two copper leaves / which were insulated from each other 
and attached to the ebonite plate a (only the top leaf can be seen in the draw
ing). These two leaves formed the potential leads. The wire was then taken to 
the other side of the ebonite plate, where it was again soldered to two other insu
lated copper leaves which formed the power leads. In a case where the wire was 
of a metal which could not be soldered, short platinum wires were spot-welded 
to it at the places where the contacts with the upper leaves had to be made, and 
these platinum vires were then soldered to the copper. This arrangement 
proved to be extremely satisfactory, only very small e.m.f .s being induced in the 
conductor by the changes of the magnetic field in the coil during the experiment. 
For liquid metals like mercury or gallium the holder shown in Fig. 3B was used. 
The top part is similar to the holder 3 A except that the cylinder b has a double
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square thread and is well fixed in a piece of glass tubing h. The thread is easily 
filled with mercury or gallium by placing a little piece of the metal at the bottom 
of the cylinder and screwing up the cap g which presses the metal into the thread. 
The contact between the liquid and the copper strips is made by platinum or 
silver wires, m, I, which are soldered to the copper leaves /  and immersed in the 
metal as shown in Fig. 3B.

The greatest difficulty was found with metals such as chromium, beryllium, 
arsenic, etc., which could not be drawn into a flexible wire. In these cases 
only very small rods, about 5 to 6 mm long, could be prepared and these had 
a very small resistance. The potential drop across them was also very small 
and sometimes smaller than the induced c.m.f. if this were not eliminated. 
A special holder has therefore been arranged in which, by means of adjusting 
the position of the rod, this induced e.m.f. can be eliminated. In Fig.3C such 
a holder is shown. I t  consisted of an ebonite plate a on which four insulated 
copper leaves, / 4, / 2, / 3 and / 4, were placed and bound by the thread k. To 
the ends of these copper leaves four platinum or silver wires, m1, m2, m3, ra4, 
were soldered. The ends of these wires were spot-welded or soldered to the 
ends of the rod c under examination, as shown on the figure. On each side of 
the rod c, distance pieces, x, y, were placed. The whole was held firmly together 
by means of a series of silk threads, k1} k2, k3. By adjusting the thickness of 
the two pieces x  and y a position for the rod c could be found such that no e.m.f. 
was induced in the potential circuit. This adjustment was very easily made 
by placing the holder in the coil and taking an oscillogram of the induced 
e.m.f. only, i.e., by recording the deflection of the potential oscillograph when 
no current was passing through the crystal. By this method an initial deflec
tion of 5 or 6 mm could be reduced, by trial and error, to a fraction of a milli
metre. All these holders (A, B and C) were used for the transverse phenomenon 
(H J_ I) in which the change of resistance is produced by the magnetic field 
perpendicular to the current in the conductor, this being the phenomenon in 
which we were chiefly interested. In a few cases where we studied the “ parallel” 
phenomenon ( i / | |/ )  wc used the holder shown in Fig. 3D. This was similar 
to the holder C, except that instead of the rod we used a small piece of card
board, I, on which the wire to be tested, c, was wound longitudinally, as shown 
on the figure, the turns being insulated by placing between them a silk thread. 
The ends of the wires, dly d2, were soldered to the four copper leaves as shown 
on the drawing. The few cases in which we had to alter the shape and the design 
of these holders will be mentioned separately when we discuss the particular 
metal.

I t  was also found necessary to prevent shaking of the holder when it is placed 
in the Dewar flask. When a strong current was passing through the wires the 
holder shook owing to the electrodynamical forces between the current and 
the magnetic field, and this induced an additional e.m.f. in the wires. To keep 
the holder steady we screwed to the bottom of the cylinder b a cross g which 
exactly filled the Dewar flask, as may be seen in Fig. 1. The holder was also 
shaken by the large attraction of the strongly paramagnetic liquid air in the 
coil. To avoid this we used liquid nitrogen instead of liquid air in the later
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experiments. This had the further advantage that the temperature did not 
vary as in liquid air, where it depends upon the freshness of the liquid air. 
All the remaining details of the experiment were the same as in the earlier work 
on bismuth.1

3. T h e  Me t a l s  a n d  T i i ei r  P u r i t y

As the main object of this research was to survey the phenomenon of change 
of resistance over the whole of the elements of the periodic system, we had to 
accumulate a large number of metals. This was a difficult task as it was essential 
that the metals should be extremely pure.

The influence of the impurities on the phenomena studied was very marked, 
particularly in the lighter elements of the periodic system, and invariably re
duced the change of resistance. A comparative study of the effects of different 
impurities in the same elements was accomplished by comparative spectro
scopic analysis. By means of a small quartz Hilger spectrograph, spectra of 
two different samples of the element were taken close together, by illuminating 
the two halves of the spectrograph slit in turn with a spark produced first 
between electrodes of the one specimen and then of the other. Two close 
spectra were obtained, and simply by a comparison of the number and the 
intensity of the ultimate lines of the impurity it was easy to find which of the 
two elements was the purest. A comparison of the change of resistance of 
the two specimens in the magnetic field then made it possible to judge to what 
extent the impurities affected our results. If the quantitative analysis of the 
substance had not been given by the maker, a special analysis was made. We 
are greatly indebted to Prof. Dennis and Prof. Papish of Cornell University 
and to Messrs. Hilger for making a number of quantitative spectroscopical 
analyses for us. From all these data we find that, to ensure that the impurities 
shall have only a small influence on our results the substance must in no case 
be less than 99-9 per cent pure, and must be even purer in the case of the lighter 
elements. If the substance is only 99 per cent pure the influence of impurity is 
so large that the results are practically useless for our purpose.

I t  was found to be extremely important to take precautions to avoid con
taminating the substance when it was made into a wire. This was done either 
by drawing or by extruding, according to the property of the metal. In the 
first case the wire was drawn through a set of sapphire dies. The chief precau
tion for keeping the wire clean was that two lots of wire were drawn through 
the same set of dies, one to clean the dies and the other for use in the experiment. 
In the second case the arrangement for extruding the wire used throughout 
the work was very simple. I t  consisted of a small steel cylinder having a cylin
drical opening about 4 or 5 mm in diameter and about 1£ cm long, having at the 
bottom a Avail about 2 or 3 mm thick through which a small hole Avas drilled 
having the same diameter as the Avire Avliich Ave desired to extrude. A steel punch 
was fitted to the cylindrical opening. After placing the metal in the hole a pres
sure up to 1 or 2 tons Avas applied from a press, Avliilst in many cases the cylinder 
was heated. Before using the punch it AÂas very carefully cleaned, and a freshly 
made cylinder and punch AArerc used for each metal.
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By taking comparison spectra of the original metal and of the wire it was 
possible to make sure that the substance was not contaminated during the 
drawing or extruding.

4. T h e  E x p e r i m e n t s  a n d  t h e  Me a s u r e m e n t s

The experiments were performed in exactly the same way as in the earlier 
work on bismuth. The oscillograms, like that shown in No. 3, Plate 20, were 
measured as before by magnifying them about four or five times on projection 
and tracing the oscillogram with a pencil. The enlargement was then measured 
by a rule. The change of resistance was determined by measuring the ratio 
of the amplitudes of the deflection of the potential oscillograph x, Fig. 1 (curve 
p  on oscillogram 3), with no field to the amplitude when the field was on. The 
magnetic field was deduced from the amplitude of the curve drawn by the oscillo
graph y (curve H on oscillogram 3) in the way described in the previous com
munication.2 The e.m.f. induced by the variation of the magnetic field was 
eliminated by the sector interrupter I, Fig. 1. As the amplitudes of the curves p 
of the potential oscillograph x were measured only at the instant when the cur
rent in the conductor under investigation was either made or broken by the 
interruptor I, the e.m.f. was eliminated. The most accurate points for the curves 
of the change of resistance were obtained at the maximum field when the vari
ation was least. For each metal at a given temperature two oscillograms were 
taken, in one of which the field varied from 0 to 125 kG and in the other from 
0 to 300 kG. Thus the most accurate points lie in the region of 100 and 300 kG. 
When the curves were drawn the relative accuracy of the points was taken 
into account. The experimental error varied with the conditions of the experi
ment. In a substance with a large specific resistance which was available in the 
form of a wire (Mo or W) the change of resistance could be measured to 5 or  ̂
per cent of the initial resistance. In the less favourable cases, like chromium or 
beryllium, where the substance was in the form of a rod of a few ten-thousandths 
of an ohm resistance, the change of resistance could be measured only to about 
5 per cent. An idea of the accuracy of the experiments can be obtained from the 
straggling of the experimental points on each diagram.

Most of the metals were studied at three temperatures—at room tempera
ture (about 290°K) at a temperature of 193°K, when the Dewar flask was 
filled with a mixture of solid C02 and ether, and at a temperature of 88°K, 
when the Dewar flask was filled with liquid nitrogen. In  some earlier experiments 
in which liquid air was used in place of liquid nitrogen, the temperature was 
slightly higher, about 91°K, and varied with the freshness of the liquid air.

The results of the experimental measurements arc shown in Figs. 4 to  31, 
the relative change of the resistance, A R/R  where A R is the increase of the resis
tance and R is the resistance at the corresponding temperature, being plotted 
against the corresponding magnetic field in kilogauss. As already stated, it was 
found that in every case in weaker magnetic fields the relative change of 
resistance A R/R  is proportional to the square of the magnetic field. Afterwards,
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the increase of resistance follows a linear law, A R/R  being proportional 
to H. If an asymptote is drawn to the linear part of the curve (asymptote BC 
in Fig. 33), it intercepts the axis of abscissae at a magnetic field Hk (point A, 
Fig. 33) which we shall call the critical field. The following formulae were 
found to express the change of resistance within the limits of experimental 
error:

A R
T = 0

H2 
3 H~k

A R
“IT Hk +

Hk2
3 H

H  ̂ H k> 

H ^ H k,

(A)

( B )

where is a constant representing the tangent of the angle between the asymp
tote and the H-axis. These two formulae represent a continuous line, as it 
can easily be seen that at H = Hk the curves will have the same value for the 
ordinate and a common tangent. The formulae have been deduced in a strict 
mathematical way from certain theoretical considerations which will be dis
cussed in Part II  of this paper.

We shall find it convenient to interpret the experiments in terms of the values 
of Hk and ft. The curves in Figs. 4 to 31 are drawn by numerical valuation of the 
equations (A) and (B), the values of Hk and ft being chosen in such a way as 
to fit the experimental results as closely as possible. I t can be seen that the devi
ation of the points from this curve is always within the limits of experimental 
error. The values of ft and Hk are given in Tables 1 to 8 . In these tables are given 
also the value of A R/R  at a field of 300 kilogauss, and the value of R jRr, where 
R  is the resistance of the metal when it is cooled by solid C02 or liquid nitrogen, 
and R r is the resistance at room temperature. This value has been determ ined 
for each substance before and after the experiment, and if nothing went wrong 
with the holder or the metal it remained constant. The value of RjRr is also 
important as it is affected by chemical impurities and the physical state of the 
metal.

We shall now describe experiments on various elements in successive groups 
of the periodic system from 1 to 8 .

5. E x p e r i m e n t a l  R e s u l t s  for  t h e  T r a n s v e r s e  P h e n o m e n o n

5.1. First Group of Elements

The elements in the first column of this group, Li, Na, Ka, Rb and Cs, are 
very difficult to handle owing to the ease with which they become oxidised 
and to the difficulty of providing good contacts with the potential and power 
leads. The change of resistance of Li and Na was small, and as it probably 
diminishes gradually when we come to the heavier members, we decided, owing 
to the experimental difficulties and the smallness of the effect, to limit our 
study to lithium and sodium.



1

T i m e
P l a t e  20.

EX P LA N A TIO N  OF PLATE 20 
Oscillogram No. 1. An illustration of the influence of the self-induction in an ordinary 

transformer.
Oscillogram No. 2. An illustration of the influence of the self-induction in a specially 

wound transformer, as shown on Eig. 2.
Oscillogram No. 3. The change of resistance in Ge at liquid nitrogen temperature. 

The maximum field is about 300 kG.
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The elements of the second column, Cu, Ag and Au, have been very care
fully investigated as it was possible to obtain them in a high state of purity and 
experiment was relatively easy. The experimental results are given in Table 1 
and on Figs.4, 5, 6 and 7.

Lithium. We used a lithium wire about 0-3 mm in diameter and about 20 cm 
in length which was prepared by extruding at room temperature in dried liquid 
paraffin. I t  was then fixed under paraffin to a holder similar to that shown in 
Fig. 3 A, differing only by small screws which were fitted on the ebonite plate a.

Table 1. Transverse Effect in the First Group ( I I  _L I ) .  
Results at the Temperature of Liquid Nitrogen

Elements Source m .

A R jR  
at 

300 kG
P x 106 I I kkG Remarks

Lii Kahlbaum 0195 0-09 - - Liquid air tempera
ture

Lin The same 0137 0-15 0-7 100 Curve on Fig. 4
Na The same 0-2 0-07 — — Liquid air tempera

ture
Cuj Hartmann & Braun, 

hard
0-17 0-47 1-95 135 Curve 3, Fig. 5

Cuj The same, annealed 0-141 0-35 1-90 64 Curve 1, Fig. 5
Cuji Hilger, semi-hard 0-157 0-42 1-91 89 Curve 2, Fig. 5
Ag Hartmann & Braun, 

annealed
0-181 0-38 1-47 45 Curve 1, Fig. 6

Ag The same, hard 
drawn

0-22 0-30 1-42 100 Liquid air tempera
ture, curve 2,
Fig. 6

Auj Heraeus, soft 0-216 0-28 1-16 60 Curve 1, Fig. 7
Ault Johnson & Matthey, 

hard
0-32 0-16 0-93 135 Liquid air tempera

ture, curve 2,
Fig. 7

The lithium wire was pressed by means of these to the potential and power 
leads, soldering not being possible with lithium. In this case, instead of using 
copper strips for the leads, we used silver ones as they provided better contacts. 
These proved to be quite satisfactory, and the lithium wire fixed in such a 
way did not change its resistance appreciably when kept under liquid paraffin 
for several days, whilst the resistance of the contacts was small. The experiment 
was tried on two samples of lithium, both being obtained from Kahlbaum. 
The first wire (Lij) was made from lithium supplied by this firm several years 
ago, in the form of a lump floating in oil. The second (Lin) was supplied quite 
recently by the same firm in the form of wires in a sealed tube. Lin was found, 
by spectroscopic analysis, to be much purer than Lij. Lij contained about 1 per 
cent of Mg and a “ full trace” of Zn. Lin was apparently of a very high purity 
and only very slight traces of impurity could be detected. We should estimate 
its purity to be well above 99-9 per cent.
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At ordinary temperatures the change of resistance of both Lij and Liu in 
a field of 300 kilogauss was less than 2 per cent. In the same field at the tem 
perature of liquid air the change of resistance of Li[ was 9 per cent, whilst 
Liji changed its resistance by 15 per cent at the temperature of liquid nitrogen, 
and it was possible to plot an approximate curve as shown in Fig. 4. This

Fig. 4. Lithium H  X I .  Temperature of liquid nitrogen.

0 100 200  300
Field, kilogouss

Fig. 5. Copper. Temperature of liquid nitrogen.
Curve 1. I I  X I  Cu: annealed. Curve 2. I i  X I  Cun half-annealed. 
Curve 3. I i  X I  Cu! hard drawn. Curve 4. H  \ \ I  Cuj hard drawn.
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F i g . 6. Silver H  -L I .  Curve 1. Ag annealed. Temperature of liquid nitrogen, 
Curve 2. Ag hard. Temperature of liquid air.

F ig . 7. Gold H  1  I. Curve 1. Aui soft. Temperature of liquid nitrogen. 
Curve 2. Aun hard. Temperature of liquid air.
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curve was drawn by taking the value of Hk to be 100 kG and /? equal to 0*7. 
These values have indeed to be considered in this case as very approximate, 
but sufficient to give an idea of the order of magnitude of the phenomena of 
change of resistance in lithium.

Sodium. Sodium was treated in exactly the same way as lithium, but owing 
to the fact that the metal was much softer and more easily oxidised, the diffi
culty of obtaining good contacts with the potential lead was very great, and 
the results obtained were even less accurate than in the case of lithium. We 
made only one experiment with sodium obtained from Kahlbaum, which was 
quite pure (“ for analysis”). At room temperature the change of resistance in 
a field of 300 kilogauss was less than 2 per cent and in the same field at the 
temperature of liquid air, 7 per cent. This shows that the change of resistance 
is smaller than in lithium but as the accuracy of the experiment was small, 
no evaluation of ft and Hk could be satisfactorily made.

Copper. This and the two following elements, silver and gold, as already 
stated, have been carefully studied. We found these elements very suitable 
for investigation not only of the influence of impurities on the phenomena of 
change of resistance, but also of the influence of the physical state of the metal, 
namely, hardening and annealing. For this purpose we also found it necessary 
to determine the specific resistance of different wires, these data being required 
in Part I I  of this work.

For the experiments, copper -wires of a diameter about 0-15 mm and 20 to 
30 cm in length were used. This wire was obtained from Hartmann and Braun 
(Cuj) already drawn, but when we used copper from Hilger (Cun ) we drew the 
wires ourselves. The wire under investigation was fixed to the holder as shown 
in Fig. 3 A and a simple solder was used to make the contacts. The resistance 
of the wire at room temperature was about 0-3 ohm, and about six times 
smaller a t a temperature of liquid nitrogen.

The analysis of the copper, Cun , from Hilger was as follows: 0  =  0-04, 
Ni =  0-02, Fe =  0-03, As =  0-04, Pb =  0-01 and Ca =  0-001, all given in 
per cent. The analysis was given by the makers. The purity of the wire obtained 
from Hartmann and Braun, Cuj, was compared spectroscopically with that of 
the copper from Hilger and was found to be about the same. We were very 
surprised to find that Cuj and Cun wires gave a marked difference in the change 
of resistance, but the subsequent investigations showed that this was due to 
the state of hardening of the wire which affected the phenomenon strongly. 
In Fig. 5 the curves 1 and 3 give the results for two pieces of the same copper 
wire from Hartmann and Braun (CuT), 3 being hard and 1 being annealed. 
The annealing was done in vacuum, the wire being heated to a temperature of 
about 700°.

I t  is seen from curve 3 that for the hard wire the square law holds up to a 
stronger field—about 142 kG—but when this field is reached, the slope /S of 
the linear part is about the same as for the annealed wire. The Hilger wire was 
annealed (simply by warming it in a gas flame, without special precaution) 
before passing it through the last few dies, and we may call it a semi-annealed 
wire. The curve of the change of resistance at the temperature of liquid nitrogen
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is shown in the same Fig. 3, curve 2, and we can see from this curve that again 
it has the same slope /3, but the critical field Hk lies between the values obtained 
for the two previous wires. I t  seemed to us a very important fact that the phy
sical or crvstalline condition of the conductor has such an immense influence on 
its change of resistance in a magnetic field, but it is more interesting to 
note that the physical state of the conductor at a given temperature only 
influences Hk, changing its value several times, whilst /S is left practically 
constant. We have observed this fact with several other conductors (Ag, Au, 
Cd, Al) and its theoretical importance will be discussed indctail later. Thedata 
for /3 and Hk for the temperature of liquid nitrogen are given in Table 1.

At a temperature of C02 the resistance of copper changes in a field of 300 
kilogauss by only 5 per cent so that at this temperature we cannot give the 
exact shape of the curve as the present method of measuring the change of 
resistance allows only an accuracy of 1 to ̂  per cent for copper. At room tem
perature the increase of resistance is probably not larger than 1 or 2 per cent.

Silver. Silver was treated in exactly the same way as copper, and wires 
of the same thickness and length were used. We used silver obtained from 
Hartmann and Braun and compared it spectroscopically with silver obtained 
from Hilger, which was of a very high degree of purity, containing only very 
small traces of calcium (about 0-001 per cent). The comparison showed that 
the two silvers were of the same degree of purity.

We also had a piece of very impure wire of unknown origin. This showed 
a change of resistance half that of the silver from Hilger or Hartmann and 
Braun. On Fig. 6 , curve 1 is for silver wire from Hartmann and Braun an
nealed in vacuum, the experiment being made at the temperature of liquid 
nitrogen. Curve 2 is for a piece of the same wire at the temperature of liquid 
air, but hard drawn as supplied by the firm. We see again that the curves have 
practically the same slope /?, but a different Hk (45 and 100 kG). At a tempera
ture of solid C02 and ether, the change of resistance of silver is only 6 per cent 
and at room temperature is less than 3 per cent. No curves are given for the 
reasons already given in the section on copper.

Gold. Gold was treated in exactly the same way as copper and silver. We 
had two supplies of gold. One from Heraeus (Auj), which was more than 
99-99 per cent pure, was already drawn in a wire of 0-2 mm in diameter and was 
soft, whilst the other from Johnson and Matthey (Aun ) which was in a wire 
of 0-1 mm diameter, was hard, and by spectroscopical comparison with the 
gold of Heraeus was found to be less pure; it also showed a smaller change 
of resistance.

We tried to anneal the gold of Heraeus, but it was already sufficiently soft 
and annealing seems to have no appreciable influence. The curve obtained at 
the temperature of liquid nitrogen was practically the same for the two wires 
and is given in Fig. 7, curve 1. The hard wire of Johnson and Matthey (Aun ) 
showed a departure in the same way as observed in the case of copper and silver.

In Table 1 all the results for the first group of elements are given and wc may 
notice the curious fact that ft in the same column of the periodic system always 
diminishes from light elements to heavy ones. There is practically no exception



238 Collected Papers of P. L. K apitza

to this rule in the periodic system and we shall discuss this point in detail 
later.

5.2. Second Group of Elements

This group of elements is of great interest as it shows a large change of 
resistance even at C02 temperatures. We could also obtain the elements 
Mg, Zn, Cd and Hg in an extremely pure state and they are easy to handle, 
so that accurate results are possible. Be, which is the most interesting and 
gives the largest change, was unfortunately rather impure (only 99-8). Ca, 
Si and Ba we were able to obtain only in such impure states that we did not 
consider them worth investigation, more especially as they are more difficult 
to handle than the other elements of this group. The experimental results 
are given in Table 2 and Pigs. 8, 9, 10, 11, 12 and 13.

Beryllium. This is a difficult substance with which to experiment. It is very 
hard and cannot be drawn into wires. By using a thin rotating copper disc, 
lubricated with emery and Avater, on a small milling machine, Ave Avere able 
to cut a small rod about 0-3 mm2 cross-section and 6 mm long. To this rod 
platinum wires of 0-2 mm diameter Avere spot-AA’clded, and the rod was fixed 
in the holder, Pig. 3C, in the way described in Section 1. This rod had an extre
mely small resistance—only about 0-000275 ohm at the temperature of liquid 
nitrogen. In order to obtain a measurable deflection of the potential oscillo
graph, a current of about 8 amperes Avas passed through the rod, and the 
transformer T (Pig. 1) had to be used. Portunately Be gives a large change of 
resistance and reasonable curves were obtained. We had great difficulty in 
obtaining pure Be. We are indebted to Dr. Rosenliain of the National Physical 
Laboratory who pro Added us with the purest (99-8 per cent) beryllium used 
in our experiments. This gave a change of resistance as shoAvn on the curve 
in Fig. 8. I t can be seen that in a field of 300 kG at the temperature of liquid 
nitrogen its resistance rises to more than three times its original value. 
Dr. Rosenhain gave us also some less pure specimens of beryllium AArhich, after 
spectroscopic comparison Avith the one previously mentioned, Avere found not 
much above 99-5 pure (chief impurities were Si, Ba, Mg, Al). The change of 
resistance observed in this less pure beryllium Avas much smaller. At room 
temperature the pure one increased its resistance by 65 per cent and the other 
by 14 per cent. At the temperature of liquid nitrogen the difference was still 
larger, the purest specimen showing a six times larger change of resistance.

I t  is evident that still purer beryllium Avill show an even larger change of 
resistance, and from certain theoretical considerations, Avhich Avill be described 
later, we may estimate that really pure beryllium should shoAv a change of 
resistance about three or four times larger than the one Ave observed in the purest 
specimen we had. Unfortunately we were unable to obtain a purer sample of 
beryllium. The values for Hk and for the purest specimen arc given in Table2.

Magnesium. Magnesium was extruded into a Avire of 0-2 mm diameter. The 
wire was flexible and Avas fixed in the holder (Pig. 3 A) and the ends soldered 
to the power and potential leads by means of ordinary solder. In this Avay it 
was quite possible to provide a good contact if the magnesium Avas scratched
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Fig. 8. Beryllium H  X I .  Curve 1. Temperature of liquid nitrogen. 
Curve 2. Room Temperature.

Fig. 9. Magnesium I I 1 1. Curve 1. Room temperature. 
Curve 2. Temperature of solid C02 and ether.
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0 100 200 300 

Field, kilogauss
Fig. 10. Magnesium H  _L I .  Curve 1. Room temperature. Curve 2. Temperature of 

solid C02 and ether. Curve 3. Temperature of liquid nitrogen.

Fig. 11. Zinc I I  J_ I .  Curve 1. Znr temperature of liquid nitrogen. Curve 2. Znx tem
perature of solid C02 and ether. Curve 3. Znz room temperature.
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under the solder. The measurements were easy and accurate. I  am indebted 
to Dr. Aston for a piece of the magnesium which was presented to him by the 
Magnesium Co., Ltd. I  am also indebted to Prof. Papish for making a spectro
scopic examination of this substance. He found this magnesium very pure,

0 100 200 300
Field, kilogouss

Fig. 12. Cadmium. Curve 1. H  ±  I  Cdx temperature of liquid nitrogen.
Curve 2. H  ±  I  Cdj temperature of solid C02 and ether. Curve 3. H  JL I  Cdt room 
temperature. Curve 4 . H  ±  I  Cdn temperature of liquid nitrogen. Curve 5. H  \ \ I  Cd,

temperature of liquid nitrogen.

F ig. 13. Mercury I I  ± 1. Temperature of liquid air.

only a trace of calcium being detected. I t is practically certain that in this 
case the results are very little affected by any impurities, and as magnesium 
gave a large change of resistance we took the opportunity of investigating this 
metal most carefully at all temperatures. In Table 2 the values for /5 and 
IIk are given for three different temperatures—room temperature, temperature
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of solid C02 and temperature of liquid nitrogen—and corresponding curves 
are given in Figs. 9 and 10. I t  may be observed that the {3 is very much affected 
by the change of temperature. I t  changes from 0-9 x 10"6 to 12-3 X 10"6 
when the temperature falls from 19°C to that of liquid nitrogen, whilst Hk 
changes less—from 140 to 75 kG.

Zinc. Zinc wires were obtained in the same way as magnesium. The wires 
were about 0-3 mm in diameter. They were found to be flexible and were 
fixed in the holder (Fig. 3A). Experiments were easy and the results accurate. 
Four different specimens of zinc were investigated. The first (commercial), 
being very impure, gave a much smaller change of resistance than the other 
samples, and we shall not give any data about it.

We carefully investigated three different specimens of zinc. The purest one, 
Znx, was kindly given by the New Jersey Zinc Co., Ltd., and was of an extremely 
high purity. Spectroscopic analysis showed that it contained only lead to 
less than 0-0004 percent. Znn (electrical zinc) was kindly given to me by the 
firm of Lock Lancaster. Its degree of purity was 99-98 per cent, the chief 
impurities being lead 0-005 per cent, iron 0-003 per cent and cadmium 0-01 per 
cent. Znni was supplied by Kahlbaum (for analysis). This specimen was kindly 
examined by Prof. Papish spectroscopically and was found to contain a little 
less than 0-1 per cent of Cd. The specific resistance of the wires made from 
these three brands of zinc were different, but the temperature coefficient and 
the change of resistance in the magnetic field were found to be about the 
same, as can be seen from the data given in Table 2. The flexibility of the wires 
was also different. This is probably due to the presence of oxygen in the form 
of zinc oxide, which forms a non-conducting enclosure. The presence of oxygen 
unfortunately cannot be traced by spectral analysis. These inclusions will 
naturally increase the path of the current and consequently increase the 
specific resistance. They will also influence the flexibility of the wire.* For 
instance, some of the wires of Zni n , which was the least flexible, cracked 
when immersed in liquid nitrogen. This was probably due to internal strains 
which were produced when the wire was cooled down, owing to the relatively 
smaller strength of the wire with oxide inclusions. From the data in Table 2 
we see that for Znni is only 12 per cent smaller than for Znn , and Znn is 
about ten times purer than Zni n . The difference in fj between Znn and Znt 
is still smaller, only 5 per cent, whilst Znt is about a hundred times purer 
than Znn . This shows the scale of influence of impurities. To be sure of results 
to 10 per cent the purity must not be less than 99-9 for zinc, and for lighter 
elements even higher. In the case of Znj we may be sure that the results are 
independent of impurities. The change of resistance is given by curves 1, 2 
and 3 of Fig. 11, and in Table 2 for liquid nitrogen and solid C02 tempera
tures. The change of resistance at room temperature was very small—only 
6 per cent—and no accurate determinations of /? and Hk were possible.

Cadmium. Cadmium was investigated in the same way as zinc and magne
sium. A wire of 3 mm diameter was extruded and fixed in the holder (Fig. 3 A).

* T he influence of oxy g en  w as also traced  b y  B ridgm an.3
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Two brands of cadmium were carefully investigated. Cdi kindly given by the 
New Jersey Zinc Co., Ltd., was exceptionally pure, having less than 0-0004 
per cent impurities (zinc and lead), these being only just determinable by 
spectroscopic analysis. Cdu was from Kahlbaum; it was spectroscopically 
examined by Prof. Papish, and was found also to be spectroscopically pure.

In spite of equal purity, however, Cdt and Cd,] were of different specific 
resistance. The wire of Cdf was more flexible than that of Cdn and also gave 
a smaller value (about 5 per cent less) for the specific resistance. The (3 and 
the temperature coefficient of the two wires were the same. The explanation, 
as in the case of zinc, probably lies in the presence of oxide inclusions.

The change of resistance for Cd( and Cdlt are given in Fig. 12 and in Table 2.
Mercury. Mercury has been measured in a solid state only and the holder 

(Fig. 3B) was used. Pure mercury (for analysis) was obtained from Kahlbaum. 
Spectroscopic investigation confirmed that the mercury was of a high degree 
of purity. The change of resistance of mercury is small. At the temperature of 
C02 it was only 2-5 per cent in a field of 300 kG, and at the temperature of 
liquid air it was 5 per cent. As the specific resistance of mercury is high and 
the contacts were very good, it was possible to measure the small change of 
resistance. The curve was rather indefinite and the separation of the constants 
(3 and H/. is only very approximate.

5.3. Third Group of Elements
In this group we had difficulty in providing pure elements in the column Al, 

Ga, In and Tl, only Al and T1 being obtained in a reasonably pure state, whilst 
we were unable even to obtain any of the elements of the first column, Sc, 
Yt, La, in a metallic state. Thus this column remains uninvestigated. The 
results for the transverse phenomenon arc given in Table 3 and Figs. 14, 15 
and 16.

Aluminium. Aluminium was used in wires or in strips cut out from a thin 
sheet of aluminium. The wire, about 0-2 mm in diameter, or the strip, was 
fixed in a holder, as shown in Fig. 3 A, and the ends of the aluminium wire were 
either screwed down or soldered to the copper strips by means of ordinary 
solder. This was done in the later experiments as it was found possible to 
solder aluminium and to make good contacts if the aluminium is slightly 
scratched with a soldering iron under the solder. The strip, about 0-5 mm 
wide, was also fixed in a holder as shown in Fig. 3 A, but in this case the groove in 
the ebonite cylinder b was made square instead of angular. Three specimens of 
aluminium were used. The purest one was made by the Aluminium Company 
of America. Its purity was 99-951 per cent, its impurities being as follows: 
Cu 0-021, Fe 0-012, Si 0-013, Ti 0 002, Vn 0-001 per cent. This aluminium, 
which we will call A l,. was drawn by us into wire 0-17 mm in diameter. A 
second piece of aluminium, which wc will call Aln , was given to us by Dr. 
Chadwick; this piece also came from the Aluminium Company of America. 
I t  was in sheet form, 0-1 mm thick and a strip was cut out of it. The third 
sample of aluminium, Al1(| , was obtained from Hartmann and Braun, already 
in wire form of 0-15 mm diameter. A spectroscopic comparison of these three
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Field, kilogauss
Fig. 14. A lum inium . Curve 1. II X I  Al£ tem perature of liquid  n itrogen .

Curve 2. II X I  Alu  tem perature of liquid  n itrogen . Curve 3. II X I  A ln i tem perature  
of solid  C 0 2 and ether. Curve 4 . II || I  A lm  tem perature of liqu id  nitrogen.

F ig . 15. Gallium . Curve 1. II X I  tem perature of liqu id  air. Curve 2. II X I  te m 
perature of so lid  C 0 2 and ether. Curve 3. II || I  tem perature of liqu id  n itrogen .
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samples showed that the Al£ was somewhat purer than the Ain, and Aln 
than Aln. The chief impurity was copper. The specific resistances of Alr and 
Am were determined at room temperature and found practically equal.

The curves for Al£ and Aln are given on Fig. 14 and in Table 3. I t  appears 
again that only the critical field is affected by impurity, being about the 
same, a phenomenon very similar to that already described in the case of Cu, 
Ag, Au and Cd.

Field, kilogauss
Fig. 16. In d iu m  and th a lliu m  II X I. 

Curve 1. In d iu m . T em perature of liqu id  air. 
Curve 2. T hallium . T em perature o f liquid  air.

Gallium. Gallium is a metal which has a melting point at about 30°. Wc used 
the holder (Fig. 3B), and, after slightly warming, filled it with liquid gallium in 
the same way as with mercury. The only difficulty arose from the cracking of 
the gallium on solidification. The screw channel of the ebonite cylinder b was 
filled with liquid gallium by turning the ebonite piston g to press it in. When 
the holder was cooled, it was found that the gallium cracked in two or three 
places, possibly owing to a difference in expansion between the ebonite and 
the gallium. This difficulty was easily overcome by simply breaking the glass 
tube and touching the places where the cracks were seen with a slightly 
warmed needle; the gallium then melted locally and the cracks disappeared. 
The gallium which we used was obtained from Hilger and contained the 
following impurities: In 0T6, Zn 0-10, and Pb 0-011 per cent. We had no
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other sample of gallium with which to compare it. Experiments were made at 
three different temperatures. At room temperature the change in resistance in 
a field of 300 kG was about 7 per cent and no satisfactory curve could be 
drawn, but at the temperature of C02 and liquid air the change of resistance 
was considerable and the curves are given in Fig. 15. The values of /? and 
Hk are given in Table 3. The most interesting fact about gallium is that it has 
the smallest critical field IIk out of all the metals which we examined. I t  
appears to be only about 5000 gauss. In this substance it is therefore possible 
to reach the linear part of the curve with ordinary electromagnets.

Indium. Indium is very easily extruded into a wire, and a wire of 0-2 mm 
diameter was fixed in the holder (Fig. 3 A) in the ordinary way. We used two 
different kinds of indium, one obtained from Hilger which was supplied with 
the following analysis: Pb 0-33, Na 0-025, A1 0-015, Ge 0-01, Sn 0-005, Ca 0-008, 
Bi 0-002 per cent. The other was obtained from Dr. Francke of Frankfurt, 
and was supposed to contain no lead. We did not make a comparative spectro
scopic analysis, but as the indium of Dr. Francke gave a slightly larger tempera
ture coefficient and a slightly larger change of resistance, it was on the whole 
probably purer than that of Hilger. The difference is small and only the results 
obtained with the second sample are given in Fig. 16 and in Table 3. Results 
are only given for liquid air temperatures, since at room temperature, in a 
field of 300 kG, the change of resistance is not more than 1 per cent, and at 
the temperature of solid C02 at the same field it is only about 3 per cent.

Thallium. Thallium was also very easily extruded into a wire and was 
placed in the holder (Fig. 3 A). We had only one sample of thallium, this being 
obtained from Kahlbaum. I t  was spectroscopically examined by Hilger and 
was found to be extremely pure, only very slight traces of lead being found, so 
that this substance may be considered as spectroscopically pure. The results 
of the experiments on this substance are given in Table 3 and Fig. 16. The /5 
and IIk are only given for experiments at the temperature of liquid air. At 
room temperature the change of resistance of thallium is less than 2 per cent.

5.4. Fourth Group of Elements
In this group of elements we were fortunate in obtaining most of the elements 

in a sufficiently pure state, the exceptions being titanium and graphite. Haf
nium we could not obtain at all. The results for the elements of this group 
are given in Table 4 and Figs. 17, 18 and 19.

Graphite. I t  is not yet quite clear whether graphite has to be regarded as a 
metallic conductor or as a semi-conductor (conductors of the second order). 
However, the work of D. E. Roberts4 shows that good natural crystals of 
Ceylon graphite behave more like a metal, having a negative temperature 
coefficient and a specific resistance smaller than mercury. Roberts has also 
shown that good Ceylon graphite crystals show a very large change of resistance, 
much larger than previously observed in ordinary graphite rods.5 The influence 
of impurity and imperfection of the crystalline lattice appears to be very 
considerable. We had at our disposal no graphite crystals, and we only studied 
the change of resistance on a piece of the purest available Acheson graphite
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0 100 200 300

Field, kilogauss
F ig . 17. G raphite II J_ I.

Curve 1. T em perature of liquid  air. 
Curve 2. Tem perature of solid  C 0 2 and  

ether.
Curve 3. R oom  tem perature.

Field, kilogauss
Fig. 18. Germanium II ± I. 

Curve 1. Gen temperature of liquid 
nitrogen.

Curve 2. G ei tem perature o f solid  
C 0 2 and ether.

Curve 3. G ei room  tem perature.

Field, kilogouss
Fig. 19. Tin, lead , thorium  II 1  I.

Curve 1. T in. T em perature o f liqu id  air. 
Curve 2. L ead. T em perature of liquid  air. 
Curve 3. Thorium . T em perature of liquid  air.
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rod. A rod about 1 mm in diameter and 6 mm long was cut out from a lump. 
The contacts with this rod were made in the following way. Both ends of 
the rod were copper plated in such a way that a ring about 1 mm wide was 
formed. This ring was scratched in two parts. The two inner parts were con
nected to the potential electrodes and the outer parts were connected to the 
power leads by means of thin silver wires soldered to the rings. The rod was 
placed in the holder as shown in Fig. 3C. Our graphite rod was not pure 
enough to show the large change of resistance found in Roberts’ experiment, 
neither did it diminish its resistance when brought to a lower temperature. 
The results of our experiments are given in Table 4 and Fig. 17. From the 
curves we see that in graphite the change of resistance follows, up to 100 kG, 
exactly the same law as any other substance, i.e., it changes from a square 
law to a linear one. Afterwards, however, there is a sharp bend in the curve. 
This bend is similar to that already observed by the author in bismuth1 when 
it is impure. The analogy between the influence of impurities in bismuth and 
impure graphite in this case is complete, as in both cases this bending of the 
curve, as can be seen in Fig. 17, happens at a smaller field when the tempera
ture is lower. Thus in the case of carbon the phenomenon is also undoubtedly 
due to the impurities.

Germanium. Germanium cannot be regarded as a true metal and this be
comes evident if we consider its position in the periodic table. Germanium 
metal has a diamond-like crystalline lattice. When the two elements above 
germanium, carbon and silicon, are in the diamond-like lattice they have no 
metallic conductivity. The element below germanium is tin. When it is in a 
diamond-like structure (grey tin) it is also non-metallic. Thus it appears that 
germanium also must be a non-metallic conductor (conductor of the second 
order). I t  is very probable that the actual conductivity of germanium, which 
is observed, is entirely due to the presence of impurities, as we shall see also in 
the case of tellurium. We have not made a systematic study of this question, 
but it is suggestive when one compares the original measurement of the 
specific resistance of germanium given by G. Benedict,6 of 30 x 10~6 at room 
temperature, with that given lately by C. C. Bid well,7 89,000 x 10 ~6, about 
3000 times larger. As Bidwell used much purer germanium, it is seen that the 
effect of impurities is opposite to that in metallic conductors. Further purifica
tion of germanium will reduce its conductivity still more. The germanium which 
we used was obtained from Hilger and was fairly pure. Its spectroscopic analysis 
is as follows: the total impurities were not more than 0-01 per cent, of which 
the main part was Ca 0-004 and Pb 0-001 per cent. Traces of potassium, 
carbon and silver were also found. The quantity of oxygen is unknown. Our 
germanium was less pure than that used by Bidwell and its specific resistance 
smaller than his determination. One rod, for example, gave us 2600 x 10~6. 
Germanium is extremely brittle and hard and it is quite impossible to cut out a 
rod from it. In  order to prepare the rods we melted germanium in vacuum in a 
quartz tube having an appendix about 5 cm long and about 1 mm in diameter. 
When at about 900° the germanium melted, it was pressed into the appendix 
by letting in some air and the germanium then cooled and solidified. In this
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process it appeared that the quartz tube was not at all attacked by the ger
manium and probably no fresh impurities were introduced. Unfortunately, 
however, by this method we were unable to obtain long germanium rods. 
When the quartz tube was removed' by dissolving it in hydrofluoric acid, the 
rod was foimd to be cracked and we obtained several small bits ranging from 
1 to 5 mm in length. The longest of these small pieces was taken for our experi
ments. This cracking of germanium suggests that a t a higher temperature it 
lias possibly a different modification from the diamond-like lattice and is like 
the modification of ordinary tin. When this modification changes to the other 
modification with the diamond lattice a change of volume may occur which 
accounts for the cracking. I t  is probable that this modification, if it exists, 
has true metallic properties as in the case of tin. When the rod was chosen it 
was extremely difficult to make contacts, but finally, after a number of 
attempts, we found it possible to solder silver leads to the end of the germanium 
rod by putting a drop of solder on the silver and rubbing the end of the ger
manium rod hard while the solder is in a liquid form. When the solder is solid 
the place seems to have a good contact. No potential leads were used as ger
manium had a very large specific resistance. The resistance in the contacts 
was not large, compared with the resistance of the rod. This was verified by 
measuring the drop of potential across the contacts by placing a sliding 
contact on the germanium rod. When we measured approximately the specific 
resistance of germanium we found that different pieces of the germanium 
rod had different specific resistances (differing by a factor of 2). This probably 
indicates that the impurities were unevenly distributed and therefore affect 
the conductivity of germanium in a different way. The experimental results 
arc given in Table 4 and in Fig. 18. I t  is seen that germanium showed a rather 
large change of resistance. The two curves, 2 and 3, in Fig. 18 are for solid 
C02 and room temperature and were taken with the same rod, Gej, having 
the highest conductivity. The experiment at liquid nitrogen temperature was 
performed with a different piece of germanium rod, Gen , as the first piece, 
Gej, broke owing to an accident during the experiment. This new piece had a 
larger specific resistance. In Fig. 18 curves are given for the change of resistance 
of this rod. An examination of the curves in Fig. IS shows that the change 
of resistance in germanium follows the same law as for other conductors. First 
it is a square law and then there is the linear law. The curve for Gej at C02 
temperature showed a characteristic bend in a field of about 250 kG, this 
being probably due, as in the case of graphite and bismuth, to the impurities. 
Gei, which is more pure, having a larger specific resistance, did not show the 
bend even at the temperature of liquid nitrogen.

Further investigation would be of interest, but would have to be undertaken 
with a close examination of the crystalline and chemical state of the metal. 
This was outside the scope of this present research, but wc are satisfied that in 
general germanium did not show any exceptional behaviour.

Tin. Tin was extruded into a wire and placed in the holder (Fig. 3 A) in the 
usual way. The tin which wc used was obtained from Kahlbaum and from 
spectroscopic analysis it was proved to be not less than 99-99 per cent pure,
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this purity being probably quite sufficient to make our experimental results 
independent of the impurity. The results are given in Table 4 and in Fig. 19, 
curve 1, and the values of and IIk are deduced only for the temperature of 
liquid air. I t  can be seen that even at this temperature the change of resistance 
is small. At room temperature the change of resistance in a field of 300 kG 
is only about 2 per cent.

Lead. Lead was also extruded into a wire and placed in the holder (Fig. 3A). 
I t  was obtained from Ivahlbaum and I am indebted to Prof. Papish who kindly 
made a spectroscopic examination of this metal. I t  was found to be spectro
scopically pure except for very slight traces of copper. From a comparison 
with other samples of lead we found that its purity must be very high— 
probably about 99-999 per cent. The experimental results for lead are given 
in Table 4 and in Fig. 19, curve 2. I t  may be seen that lead had a very small 
change of resistance, only 5 per cent in a field of 300 kG at the temperature 
of liquid air. We took a special interest in lead, as it is a supraconductor. The 
experiment was carried out very carefully, eliminating the induction pheno
menon as completely as possible. In spite of the small change of resistance we 
were able to obtain an approximate curve, and this showed that lead follows 
the square law to rather higher fields. This made the separation of the 0 and 
Hk very difficult. The data which we give in the table have to be taken as 
very approximate, only indicating the order of the values.

Titanium. A small lump of titanium was rolled into a small sheet and a 
strip \  mm wide was cut out. A holder (Fig. 3 A) with a square thread was used. 
To each end of the strip were spot-welded two short platinum wires and these 
were soldered to the copper leads of the holder. I  am indebted to Dr. de Boer 
of the Philips Research Laboratory for the titanium used in our experiments. 
Unfortunately, however, it was not very pure. The analysis of Hilger showed 
the presence of about 2 per cent of silicon, the other impurities being negligible. 
This large content of silicon is probably sufficient to affect the results of the 
experiment to such an extent that they have no value. This specimen had 
also a very small temperature coefficient; its resistance decreased only to 
0-36 of its value at room temperature when it was dipped in liquid air. The 
following heavier element, Zr, has a much larger resistance change (0-23) 
when cooled to liquid air temperature, and with pure elements we ought to 
expect the opposite. The change of resistance of our titanium was only about 
2 per cent at the temperature of liquid air in a field of 300 kG. Pure titanium, 
probably, gives a larger change of resistance. No deduction of and IIk was 
made, and the results are not given in the table.

Zirconium. Zirconium was used in a wire form and was placed in a holder 
similar to Fig. 3 A. Unfortunately we could neither solder nor spot-weld it. 
The contacts between the copper leads and the zirconium were made by screw 
contacts which were not good as zirconium is easily oxidised. This affected 
the results of our experiments considerably, especially as the change of resistance 
was small, so that the values obtained are probably subject to considerable 
experimental errors. The zirconium was kindly given to me, already in the 
form of a wire, by Dr. de Boer of the Philips Research Laboratory, and was
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considered to be at least 99-9 per cent pure. I t  gives a small change of resis
tance—only 5 per cent in a field of 300 kG at the temperature of liquid air. 
At room temperature no change of resistance could be determined. The values 
of /5 and Hk are very approximately given in Table 4.

Thorium. A lump of thorium metal was rolled into a sheet and a strip was 
cut out. The holder (Fig. 3A) with a square groove was used. Platinum wires 
were spot-welded in pairs to the ends of the thorium wire and were then soldered 
to the copper leads. I am indebted to Dr. de Boer who gave me this specimen 
which was considered to be 99-9 per cent pure. I t  was very soft, like lead, 
and had good metallic properties, indicating its great purity. The change of 
resistance was 15-5 per cent at liquid air temperature in a field of 300 kG. At 
the temperature of C02 the change of resistance was only 3 per cent. The data 
for /$ and Hk are given in Table 4, and Fig. 19, curve 3, represents the change 
of resistance at the temperature of liquid air.

5.5. Fifth Group of Elements

This group of elements contains the two elements, bismuth and antimony, 
which are known to show a very large change of resistance in a magnetic field. 
Arsenic, which is above antimony in the periodic table, has the same lattice 
and is also strongly diamagnetic. I t  must, therefore, behave in the same way 
as the remaining two elements, although so far as I  am aware this has not 
previously been tested.

We have carefully studied arsenic and antimony, whilst bismuth has already 
been studied in the form of crystals by the author, so that no special attention 
was paid to this substance again. Of the other metals in this group we were 
fortunate in obtaining vanadium and tantalum in sufficiently pure states to 
make the results valuable, but niobium we were unable to obtain at all. The 
results for this group are given in Table 5 and in Figs. 20 to 25.

Arsenic. For our experiments we required a rod of arsenic, 6 mm long and 
|  mm in diameter. We found it difficult to cut out such a small rod from an 
arsenic crystal and we were also unable to extrude arsenic wires. We therefore 
made an attempt to cast it. As arsenic sublimates before melting this could 
not be achieved by ordinary methods, but we found it quite possible to do it 
in the following way. We took a thick-walled quartz tube, 3 mm in diameter 
and a few centimetres long. One end of it was drawn to a thinner appendix 
a few centimetres long, having an inside diameter of about 0-5 mm. A few 
small arsenic crystals were placed in this quartz tube and it was then com
pletely scaled up. Taking the necessary precautions to prevent poisoning by 
the arsenic vapours in case the tube exploded, the tube was attached to an iron 
wire and placed in the flame of a Bunsen burner. Immediately it was hot 
the arsenic started to distil from the warm part of the tube to the cool part. 
By keeping the thin appendix tube cooler it was possible to arrange that it 
was completely filled by arsenic. Then, by further increasing the heating and 
still keeping the thinner tube slightly cooler so as to prevent the arsenic from 
leaving it, we increased the temperature to such a height that the larger part
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F ig . 20. Arsenic I I JL I .  Room 
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Fig. 24. Antimony I I  JL I .  Temperature 
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F ig . 25. Antimony I I  ±  I .  Temperature 
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of the tube was filled with arsenic vapour which glowed in a very bright 
slightly reddish-yellow colour. The temperature was probably between 600 
and 700°C when it was observed that the arsenic had melted and a meniscus 
was formed in the tube. After heating the tube slightly more, in order to be 
sure that all the arsenic in the small tube had melted, the tube was taken out 
of the Bunsen burner flame in such a way that the outer end of the appendix 
tube which contained arsenic was cooled first. The tube was then broken or 
dissolved in hydrofluoric acid and a very good arsenic rod was obtained. I t  
looked exactly like a metal of a bright silver colour. When breaking this rod 
wc observed that it was a single crystal, and in all the four experiments which 
wc made, the main cleavage plane of the crystal was always orientated parallel 
to the axis of the rod. This phenomenon is very similar to that observed in 
bismuth when the crystals are grown in glass tubes, as described in the author’s 
previous paper.1 A small rod, 6 mm in length and 0-6 or 0-7 mm in diameter, 
was used for the experiments. By means of the usual solder, silver wires could 
be soldered to this rod quite easily and thus form the potential and the power 
leads. The rod was placed in the holder (Fig. 3C) in the manner previously 
described. I t  appeared that arsenic had a very high specific conductivity 
compared with antimony and bismuth, and the experiments were rather dif
ficult as the rod had a very small resistance so that the transformer (Fig. 1, T) 
in the current of the potential oscillograph had to be used. The arsenic 
used by us was obtained from Kahlbaum. At present we have no accurate 
data about its purity, but probably it is high, since its resistance diminishes 
considerably—to 0 T6 of its value at room temperature—on being immersed in 
liquid air. The absence of bends in the straight part of the change of resistance 
curve (sec Figs. 20, 21 and 23) is also a strong confirmation of the purity of 
the material, as we know that these bends occur in bismuth when it is impure. 
The change of resistance in the magnetic field for arsenic follows the same 
law as all other substances, and, as expected, is large, so that the values of Hk 
and /3 as given in Table 5 can be easily obtained for the three temperatures at 
which the experiment was performed.

Antimony. Antimony was extruded in a wire about 0-7 mm in diameter. 
This wire was found to be extremely brittle and only a small piece of it in the 
form of a rod 6 mm long was used. Silver wires were soldered to this rod by 
means of the usual solder and it was placed in the holder (Fig. 3C). The anti
mony used was from Kahlbaum, and from a spectroscopic analysis, kindly 
made by Prof. Papish, was found to be very pure, containing only a trace of 
silicon. The experimental results for three different temperatures are given in 
Table 5 and in Figs. 23, 24 and 25, and are fairly accurate. Antimony behaves 
in a similar way to arsenic and bismuth, showing a larger change of resistance 
than arsenic but a smaller one than bismuth.

Bismuth. Bismuth has already been thoroughly examined in crystalline 
form in the author’s previous paper.1 In order to complete our results we 
made an experiment with an extruded wire of 1 mm diameter, treating it 
in exactly the same way as antimony, holder (Fig. 3C) being used. The bismuth 
used was the same as that used in the previous work and was obtained from
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Hartmann and Braun. We had it spectroscopically examined by Hilger and 
it was found to be of a very high purity, containing only 0-01 per cent silver 
and practically no lead. I t  is quite possible, however, that even this impurity 
is sufficient to affect the results and the shape of the curve. I t  is possible that 
some of the bends previously observed1 are due to the presence of these 
impurities. The actual value for (i is probably somewhat larger for pure bis
muth, particularly at lower temperatures. The results for the extruded bismuth 
wire are given in Table 5.

Vanadium. Vanadium was obtained in the form of a sheet out of which a 
strip was cut. The holder (Pig. 3 A) with a square thread was used. Four 
platinum electrodes were spot-welded to the strips and then soldered to the 
potential leads. I am indebted to Dr. van Arkel of the Philips Research Labora
tory who kindly supplied me with this sample. Its purity was considered to 
be high, but the exact purity is unknown. When immersed in liquid nitrogen 
it decreases its resistance to 0-225 of its original value at room temperature. 
This large decrease of resistance, together with the large flexibility of the 
strip, indicated that we dealt with very pure vanadium.

In a magnetic field of 300 kG at the temperature of liquid nitrogen, vanadium 
gave a very small change of resistance, amounting only to 3-5 per cent. At 
room temperature it gave no observable change of resistance. This small 
change of resistance made it impossible to define the values for /? and IIk .

Tantalum. Tantalum was obtained in a wire about 0-2 mm in diameter. 
Holder (Fig. 3 A) was used and four platinum wires were spot-welded to the 
tantalum wire and then soldered to the potential and power leads. The speci
men of tantalum used was kindly given to me by Dr. Dushman, Research 
Laboratory of the General Electrical Company of America. This tantalum 
was made by the Fansteel Corporation of America and was fairly pure, con
taining less than 0-1 per cent of impurities. When cooled down to the tempera
ture of liquid nitrogen it diminishes its resistance to 0-3 of its original value at 
room temperature. In a magnetic field at room temperature tantalum gives 
no observable change of resistance. At liquid nitrogen temperature, in a field 
of 300 kG, the change of resistance was about 1 per cent. The separation of /5 
and IIk was impossible.

5.G. Sixth Group of Elements

In this group of elements wc were able to obtain all the metals except 
uranium in a sufficiently pure condition. We found that Cr, Mo and W show 
a very considerable change of resistance. This is very interesting as these 
metals are built from atoms belonging to the “ transition group” of elements 
of the periodic tabic which, as a rule, show an apparently small change of 
resistance in the magnetic field. Chromium, molybdenum and tungsten form 
an exception. We took particular care to study these most accurately. The 
results are given in Table 6 and in Figs. 26, 27, 28 and 29.

Chromium. Chromium could not be made into a wire and had to be used 
in the shape of a small rod cut out from a lump of chromium. The cutting
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Fro. 26. Chromium I I  X I .  Curve 1. Crm temperature of liquid nitrogen. 
Curve 2. Crm room temperature.
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Field, kilagauss

F ig . 27. Molybdenum. Curve 1. I I  X I .  Temperature of liquid nitrogen.
Curve 2. I I  X I .  Temperature of solid C02 and ether. Curve 3. I I  || I .  Temperature of

liquid nitrogen.

can be performed by an ordinary high-speed steel saw and a small piece cut 
out can be ground to the necessary shape with emery paper. A rod about 
0 mm long and about 0-5 mm2 cross-section was used. Platinum electrodes 
were spot-welded to this rod, and holder (Fig. 3C) Avas used. We had great 
difficulty in finding pure chromium. The first sample which Ave obtained from
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Fig. 29. Tellurium I I  ±  I .  Curve 1. Temperature of liquid air. Curve 2. Temperature 

of solid C02 and ether. Curve 3. Room temperature.
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Dr. Francke of Frankfurt, Crj, was only 99 per cent pure. I t showed a very 
small change of resistance (3 per cent) at room temperature. When cooled 
down by liquid air, the resistance of the rod increased by 1-15 times instead of 
decreasing, this being due to the considerable amount of impurity. I am 
indebted to Dr. van Arkel of the Philips Research Laboratory for giving me a 
piece of chromium (Crn ) which was purer than the previous specimen, but 
still far from being of the required purity to give the right order of change of 
resistance. On cooling by liquid nitrogen the actual resistance of CrH diminished 
to 0-8 of its value at roorp temperature. The change of resistance in a field of 
300 kG, at the temperature of liquid nitrogen, was about 30 per cent, this 
being considerably more than for Crj. Finally Dr. Rosenhain of the National 
Physical Laboratory gave us a sample of chromium (Crin ) which had been 
prepared electrolytically by Mr. Adcock. This specimen we found to be the 
purest. An analysis kindly given by Dr. Rosenhain showed that this chromium 
was spectroscopically pure, having possibly traces of nitrogen. The purity was 
evidently sufficient to be sure that the change of resistance in the magnetic 
field was not affected by impurities. The electrical properties of this chromium 
confirmed its great purity. When immersed in liquid nitrogen it changes its 
resistance to 0-083 of its value at room temperature. This is the largest change 
of resistance which we ever observed for a metal when cooled. The rod made 
of this chromium showed quite definite signs of flexibility. When tried in a 
magnetic field this chromium was found to be strongly paramagnetic. As 
chromium has several modifications a determination of the crystal structure 
was made. I am indebted to Dr. Bernal of the Mineralogical Laboratory for 
making the X-ray analysis of Crn and Crn i . Both these chromiums were 
found to be of the ^-modification. The change of resistance in a magnetic 
field at the temperature of liquid nitrogen was the largest which we observed 
for a metal, except As, Sb, Bi, C, and probably pure Be. In a magnetic field 
of 300 kG its resistance increased 5-4 times. In spite of this large change of 
resistance the experiments were difficult as the small piece of chromium had 
an extremely small resistance—only 0-00023 ohm at the temperature of liquid 
nitrogen. The deflection of the potential oscillograph was very small, only a 
few millimetres, and even when the transformer T in Fig. 1 was used very 
accurate readings could not be obtained. The induction effect had to be very 
carefully eliminated and the largest sensitivity of the apparatus had to be 
used. The results for Crni are given in Table 6 and in Fig. 26.

Molybdenum. A molybdenum wire of 0-2 mm diameter was used and fastened 
in the holder (Fig. 3 A) in the usual way. Four lengths of platinum wire were 
spot-welded to the molybdenum and soldered to the copper strips of the 
fholder. We had some difficulty in obtaining pure molybdenum. The first 
sample from Messrs. Johnson & Matthey was not pure and gave rather a small 
change of resistance (47 per cent) in a field of 300 kG at the temperature of 
liquid air. A purer sample of molybdenum was kindly given by Dr. Gossling 
of the General Electrical Company Research Laboratory of Wembley. This 
was examined and found to be spectroscopically pure. I t  gave a larger change 
of resistance and the values of and Hk obtained for it at a temperature of
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C02 and liquid nitrogen are given in Table 6 and Fig. 27. The experimental 
results are accurate owing to the high specific resistance of molybdenum.

Tungsten. Tungsten was treated in exactly the same way as molybdenum. 
Two pieces of tungsten wire were tried, the first being a commercial sample. 
This gave a smaller resistance change than a second wire of pure tungsten, for 
which I am indebted to Dr. Dushman of the General Electrical Company 
Research Laboratory, Schenectady. I t  is well known that tungsten can be 
obtained in a very pure form. This gave a considerable change of resistance 
so that the experimental results are fairly accurate. The results are given in 
Table 6 and in Fig. 28.

Tellurium. The conductivity of tellurium cannot be regarded as a metallic 
one. I t  has already been pointed out by Bridgman3 that tellurium differs from 
all other conductors in that its specific conductivity diminishes with increased 
purity. A rise of temperature has also an opposite effect to that in ordinary 
metals—the electrical resistance of the substance diminishes. We have seen 
that germanium has the same properties so that the two substances are similar, 
and we shall see that in the magnetic field they also behave in a similar way. 
As our tellurium had a very high specific resistance, a thick rod about 3 mm 
in diameter and 4 mm long was used, this rod having a resistance of about 
1 ohm. The potential and power leads were made by platinum wires melted 
into the tellurium. Bridgman found that good contacts can be made when a 
platinum wire is heated and dipped in tellurium. The rod was fixed in a holder 
similar to that shown in Fig. 3C. The tellurium which we used was obtained 
from Kahlbaum and was kindly analysed by Prof. Papish, who found that it 
contained slightly less than 0-1 per cent of copper and about 0-01 per cent 
of silver. The change of resistance of tellurium in a magnetic field is considerable 
and follows a similar law to other conductors in the weaker fields, showing 
characteristic bends in stronger fields, which we find in impure substances 
(Bi, C, Ge). The bend is also shifted to weaker fields as the temperature is 
decreased. The values of /? and Hk are given in Table 6 and the change of 
resistance is represented by curves 1, 2 and 3 in Fig. 29.

5.7. Seventh Group of Elements

Manganese is the only element in this group which can be studied. I t  is 
not metal-like at all, but is very hard and brittle. A rod can be cut out of 
this substance by means of a circular diamond saw fitted to a milling-cutting 
machine. Silver wires can then be spot-welded to this rod. We had two samples 
of manganese. One was obtained from Kahlbaum and was found to be rather 
impure, containing, after examination by Hilger, up to 5 per cent of aluminium. 
Dr. Bernal kindly examined it by the X-ray method and found it to be a 
mixture containing mostly ^-modifications. No change of resistance was 
obtained at a temperature of liquid air, this being very possibly due to the 
large amount of impurities. I am indebted to Dr. M. Gayler of the National 
Physical Laboratory for giving me a piece of much purer manganese which 
contained only 0-01 per cent impurity. Unfortunately this sample was filled
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with an immense number of cracks, which, as Dr. Cayler has explained to 
me, arc due to the change of volume when the ^-modification is transformed to 
the a-modification. With some difficulty a rod was cut out, but when spot- 
welded it broke to pieces, and no further attempts -were made. We consider 
the study of manganese of great interest as it is the only available substance 
having metallic properties in this group of elements, and as soon as a con
venient sample of this material is available the measurements will be under
taken.

5.8. The Eighth Group of Elements

In  this group of elements only iron, nickel, palladium and platinum are 
obtainable in the form of wire. The remaining elements, ruthenium, rhodium, 
osmium and iridium although prepared by the firm of Heraeus in an extremely 
pure state, cannot be prepared in flexible wire form. The change of resistance 
in the magnetic field of this group is very small, a few per cent only, and can be 
adequately studied by the present method only if the metal is in the form of a 
wire having considerable resistance. This reduced our study to the Fe, Ni, 
Pd and P t wares only. We will first describe the experiments with ferro
magnetic metals which are known to show a considerable change of resistance 
in weak magnetic fields. Comparatively no large resistance change, howTevcr, 
is observable in strong fields.

Iron. An iron wire about 0-2 mm in diameter was fixed in the usual way 
in the holder (Fig. 3 A). The iron used was from Hartmann & Braun and no 
special study of its purity was made. At room temperature the increase of 
resistance in a field of 300 kG was less than 2 per cent. At a temperature of 
liquid air, in a similar field, the increase of resistance was 5 per cent. The 
experimental results for this temperature are given by curve 1 in Fig. 30. The 
points scatter a good deal, but it is quite definitely seen that at about 150 kG 
the change of resistance practically reaches a constant value of 5 per cent and 
the resistance then remains practically constant up to a field of 300 kG. As 
the change of resistance was so small, no further attempts were made at 
this stage to get greater accuracy and to study the effect of the purity of iron.

Table 7. Transverse Effect in the Eighth Group of Elements (H  _L I )

Liquid nitrogen temperature

Element Source
E fR r

zl E f 11 
at 

300 kG
p  x 106 in kG

Remarks

Pd, Johnson & Matthey, 
hard

0-22 0-0G - - Liquid air tempera
ture

Pdn Heraeus, annealed 0-17 0-10 0-43 75 Curve 1, Fig. 31
Ptn Heraeus, annealed 0-185 0-75 0-43 140 Curve 2, Fig. 31
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Nickel. A nickel wire of 0-2 mm in diameter was used in exactly the same 
way as iron wire. This was obtained from Hartmann & Braun. The change of 
resistance was also small and the results not very accurate. Curve 3 in Fig. 30 
gives the change of resistance at room temperature and curve 2 at the tempera
ture of liquid air. I t  is to be observed that nickel is the only element we studied 
in which a decrease of resistance was found instead of an increase. This decrease

0 100 200 300
Field, kilogauss

F ig . 30. Iron and nickel I I  ±  I .  Curve 1. Iron. Temperature of liquid air. 
Curve 2. Nickel. Temperature of liquid air. Curve 3. Nickel. Room temperature.

o 100 200 300
Field, kilogauss

F ig . 31. Palladium and platinum I I  _L I .  Curve 1. Palladiumn . Temperature of liquid 
nitrogen. Curve 2. Platinumn . Temperature of liquid nitrogen.

was about 5 per cent at room temperature and at a temperature of liquid 
air it was about 3 per cent. I t  can also be noted that an inverse relation be
tween the temperature and the change of resistance exists. At lower tempera
tures there is a smaller change of resistance. It is probable that in ferromagnetic 
substances we are dealing with two phenomena of different origin which are 
superimposed. One is the usual increase of resistance as observed in any other 
metals, and which is more predominant in strong fields and at low tempera
tures. The other is of a ferromagnetic origin, mostly manifested in weaker 
fields and more or less independent of the temperature. A more detailed
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study, which is outside the scope of our present w'ork, is required to clear 
up these points.

Palladium. Palladium was used in wires 0-2 mm in diameter, which were 
fixed in a holder of the type shown in Fig. 3 A. The change of resistance of two 
specimens of palladium wire were measured. The first, P d j, obtained from 
Johnson & Matthey, of unknown purity, was hard drawn and showed at liquid 
air temperature in a field of 300 kG an increase of resistance of 6 per cent. No 
separation of [3 and Hk was possible. The second specimen, Pdn , from Heraeus, 
was at least 99-99 per cent pure. I t  was already drawn into a wire of 0-2 mm 
diameter, and we annealed it in vacuum by glowing at a very high temperature 
in order to get rid of included gases and to make the wire soft. I t  gave, at a 
temperature of liquid nitrogen in a field of 300 kG, a change of resistance of 
about 10-5 per cent. The values for (3 and Hk could be determined and are 
given in Table 7 and the corresponding curve in Fig. 31. At room temperature 
no measurable change of resistance was observed.

Platinum. Platinum wires of 0-2 mm in diameter were fixed in the holder 
shown in Fig. 3 A. We tried three P t wires. Before annealing we could only 
trace a change of resistance not exceeding 5 per cent at liquid air temperature 
in a field of 300 kG. After annealing in vacuum it was found possible to increase 
the change. We only give here the results for a platinum wire obtained from 
Heraeus annealed by glowing in vacuum. The purity of this platinum was 
not less than 99-99 per cent. The values of /? and Hk have been approximately 
determined for the temperature of liquid nitrogen and are given in Table 7. 
The corresponding curve is given in Fig. 31.

Alloys. We have made no systematic investigation of alloys, but to com
plete our survey work we took two alloys, one being a solid solution and the 
other a compound. For the first we took a silver-gold alloy, and for the other 
the compound of copper with arsenic known as the mineral domeykite, the 
chemical formula being Cu3As.

Gold-silver Alloy. We took 18-carat gold, which consisted of 75 per cent 
gold and 25 per cent silver. A wire about 1-5 mm in diameter was mounted 
in the usual way in the holder (Fig. 3 A). No appreciable change of resistance 
was observed either at room temperature or at the temperature of liquid air. 
The change of resistance in a field of 300 kG was less than 1 per cent. I t  is 
interesting to note that on cooling by liquid air the resistance of the wire 
diminished only to 0-87 of its value at room tempera tine.

Copper-arsenic Alloy. A piece of domeykite was kindly given to me by 
Dr. Bernal of the Mincralogical Laboratory. I t  was an artificially prepared 
mineral according to the formula Cu3As. The purity of this compound was 
unknown. I t  could be extruded into a wire, but was found to be very brittle. 
Wc therefore decided to cast a rod and put a piece of this compound in a sealed 
quartz tube with an appendix. The sealing of this quartz tube was necessary in 
order to prevent any arsenic being evaporated during the melting of the 
substance. The substance was cast in the appendix, the temperature of melting 
being about 600°. On removing the substance from the quartz tube we ob
tained a rod of about 1 mm in diameter which was completely flexible. This
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indicated that the rod was a single crystal. A piece 6 mm long was cut from 
it and placed in the holder (Fig. 3C). The potential and power leads were 
soldered by using simple solder. This substance, a t a temperature of liquid 
nitrogen, gave quite an appreciable increase of resistance of about 14 per cent. 
As we dealt here with a rod of small resistance the accuracy of the experiment 
was too small to determine 0 and IIk . The resistance of the rod on cooling 
down to liquid nitrogen temperature was reduced to 0-4 of its value at room 
temperature. Further experiments have not been undertaken, as the purity 
of this substance was unknown, and probably any excess of copper or arsenic 
over the required amount given by the formula Cu3As will act also as an im
purity. We simply regard this experiment as indicating that a metallic com
pound, unlike a solid solution, gives a quite definite change of resistance in a 
magnetic field.

C. T he  Ch a n g e  of t h e  R e s i s t a n c e  w h e n  t h e  Cu r r e n t  is 
P a r a l l e l  to t h e  Ma g n e t i c  F i e l d

The resistance of a metal changes also when the magnetic field is parallel to 
the current, this phenomenon being known as the parallel effect. In most cases 
the change of resistance in the parallel field is smaller than in the transverse 
field, although it probably obeys the same law. We did not investigate this 
effect as completely as we did the transverse effect, choosing only from each 
group of elements one which is the most easy to handle and which is considered 
to be the purest. The effect was studied at the temperature of liquid nitrogen 
using holder (Fig. 3D), only substances available in the form of wires being 
chosen. The results are given in Table 8 and by the curves in Figs. 5, 12, 
14,15 and 27 which are plotted by broken lines on the diagrams, the transverse 
effect for the same metal being plotted by continuous lines.

Copper. A bit of the same wire 0-15 mm in diameter of hard drawn copper 
from Hartmann & Braun, as used for the transverse effect and called Cut , 
was used for these experiments. The curve obtained is given in Fig. 7, curve 4, 
by means of a broken line. I t  can be seen that the curve is similar in shape to 
the curve obtained with the transverse field with the exception that it has a 
smaller slope /3 and a larger critical field Ilk. I t  may be noted that the copper 
wire in this case when cooled to the temperature of liquid nitrogen had a 
resistance equal to 0-155 of that at room temperature. The same wire in the 
case of the transverse effect had a larger ratio 7i!/I?r =  0-17. This is probably 
due to the fact that, in mounting the wire in holder (Fig. 3 A) in the transverse 
effect, it was bent considerably and stretched in winding on the small ebonite 
cylinder c. In the case of the holder (Fig. 3D) the wire was bent and stretched 
less which accounts for this difference in the reduction of the resistance on 
cooling. This effect was observed in several other cases.

Cadmium. A bit of the same wire used in the transverse phenomenon, made 
of pure cadmium (New Jersey Zinc Co., Ltd.) and called Cdj, was used for 
this experiment. The change of resistance is considerable and the curve may



208 Collected Papers of P. L. K apitza

be considered as accurate. I t  is represented on Fig. 12, curve 5, means 
of a broken line and the data for /? and Hk arc given in Table 8 . We note again 
that /? is slightly smaller and Hk is slightly larger than in the case of the trans
verse effect for the same wire.

Aluminium. A bit of the wire, called AlIn , from Hartmann & Braun, was 
used. The curve for liquid nitrogen temperature is given in Fig. 14 by means 
of a broken line and the values of /? and Hk in Table 8 . Again a smaller change 
of resistance is observed than in the transverse field.

Table 8. The Parallel Effect ( I I  \ \ I )

Liquid nitrogen

Element Source temperature Remarks

R/Rr 0 x 106 n*

Ciij Hartmann & Braun, 0-155 1-3 146 Curve 4 on Fig. 5
hard

Cdr NeAV Jersey Zinc Co. 0-22 2-8 50 Curve 5 on Fig. 12
Alm Hartmann & Braun 0-121 1-4 43 Curve 4 on Fig. 14
Ga Hilger 0-2 3-3 10 Curve 3 on Fig. 15
Mo Dr. Gossling 0-135 about — Curve 3 on Fig. 27

1-0

Gallium. The same gallium, supplied by Hilger, which was used for the trans
verse effect Avas used in this experiment. A U-shaped wire Avas cast in an ebonite 
mould and then fixed in the holder (F ig.3D). The potential and potver leads 
Avere small silver Avires melted into the gallium and soldered to the copper 
strips of the holder. The results are accurate and are giAren in Table S and in 
Fig. 15, cur\re 3. In the parallel effect also gallium has a Arery small value for 
the critical field (lOkG), and it Avas the only element for Avhich the parallel effect 
Avas slightly larger than the transverse. It is, hoAvevcr, possible that this could 
be partly accounted for by the difference in temperature. The parallel effect 
Avas observed at liquid nitrogen temperature and the transverse at liquid air 
temperature. As the constant /? is very sensitive to the variations of tempera
ture, the difference of three or four degrees may sufficient^ affect its value to 
produce different changes in resistance.

Molybdenum. We used a piece of the same reel of the purest molybdenum 
wire as Avas used in the transverse effect, and the results are represented in 
Fig. 27, curve 3. The parallel effect in this case is much smaller than the trans
verse effect so that this curve cannot be taken as reliable since there is an ex
perimental error due to the fact that the Avire may not be set exactly parallel to 
the magnetic field. The small pieces of wire on the edge of the cardboard plate i, 
Fig. 3D, Avhich run perpendicular to the field, Avould also cause an error. 
This curve can only be taken as an indication of the fact that the parallel effect 
in molybdenum is about four times smaller than the transverse effect and 
accurate estimation of IIk is not possible.
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7. Co m p a r i s o n  w i t h  P r e v i o u s  I n v e s t i g a t i o n s

Relatively few researches have been made on the change of resistance in 
magnetic fields for substances other than bismuth and the ferromagnetic 
elements, as the change of resistance obtainable is very small and is difficult 
to observe in the fields given by an ordinary electromagnet. The first successful 
experiments were made by Patterson, who studied a number of metals at 
room temperature in field strengths up to 30 kG. He finds that the change of 
resistance obeys the square law, namely:

A RjE = oc H2, (C)

within the limits of accuracy of the experiments. This agrees in general with 
our result and with our formula (A) for weak fields (H  ^  Hk) given in Sec
tion 4. If we compare the two formulae we find that oc is given in terms of /3 
and Hk by

oc=M $H k. (D)

From our experiments we know that the constant Hk is very strongly affected 
by the physical state of the metal; in a hard drawn copper wire, for example, 
it may be several times greater than in an annealed one. This accounts for 
the discrepancy between the values given by Patterson and the later investi
gators. More recent investigations have been made by Grumnach9 who worked 
at room temperature and noticed a departure in a few elements from the square 
law in stronger fields. Laws10 also mostly worked at room temperature, but 
made a determination of the constant oc at the temperature of liquid air for 
cadmium and zinc. I t  is difficult to compare our results with those of previous 
investigators, as we can only enter the region of weak fields by extrapolation 
of our results, and this can be done only when the values of Hk and /S are known. 
We have seen that these values could be accurately determined by our present 
method in most cases only at low temperatures. The second difficulty is that 
the value of oc is strongly affected by the physical and chemical state of the sub
stance, and the previous investigators give no adequate data about the state 
of the metals used. By extrapolating our results to low fields, however, we 
find that the order of agreement is as good as could be expected. For instance, 
the value of oc for zinc, at the temperature of liquid air or nitrogen, for the three 
different samples of zinc which wc used, calculated by means of the formula 
(D) are: a  =  1-97 x 10-n (Zn,);a =  2-2 x 10"11 (Zn1T); and a  =  1-34 x K) - 11 
(Znin )- The value of oc for zinc from Laws’ experiment is equal to 1-8 x 10~n 
which lies between our values.

For cadmium we find also an agreement with our values at the same tempe
rature, oc = 3-3 x 10 11 (Cd[) and oc =  9-8 x 10“11 (Cdu ), Laws’ value being 
oc =  5-1 x 10-11.

De Haas11 investigated very completely antimony crystals at different 
temperatures and in fields over 40 kG. Comparing his data with ours, extra
polated to the same field strengths, we find that the increase of resistance ob
served by him is of the same order as ours, butlarger. This is due to the difference 
in the physical state of the antimony. De Haas used crystals whilst in our
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experiment we dealt with extruded -wires which have a large Hk, so that a. was 
smaller. Heaps12 studied tellurium and found oc =  10-5 x HP11 and our ex
periments from the formula (D) give the value a = 5 x 10~n . The difference 
is also such as could be expected from variations in the physical and chemical 
state of different specimens of tellurium, especially as we have seen that the 
conductivity of tellurium is probably produced by the presence of impurities.

There are also a number of investigations made by Ivamerlingh Onnes13 
and his collaborators in the region of temperatures lower than liquid air where 
we have made no experiments and consequently no comparison is possible.

Finally it is interesting to note that it was suggested11 that the strongly 
diamagnetic substances give a larger change of resistance. Our experiments 
do not seem to confirm this suggestion. I t  is true that in the transition group 
of elements, which are strongly paramagnetic, we find a small change of resis
tance, but chromium, molybdenum and tungsten are exceptions which show 
a very large change of resistance. We specially tried our specimens of these 
metals and found them to be strongly paramagnetic. This paramagnetism 
could not be due to the presence of iron, as the elements were free of any ferro
magnetic impurity. As another example, palladium, which is strongly para
magnetic, gives a larger change of resistance than diamagnetic lead and mer
cury.

This concludes the description of the experimental results and in Part II  
we shall discuss the results and try to give a theory of the phenomena.
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P a r t  I I .  T h e  A n a ly s is  a n d  the In te rp r e ta tio n  of the E x p e r im e n ta l
R e su lts

1. T he  G e n e r a l  T h e o r y  oe the  P h e n o m e n o n  oe Ch a n g e  
of R e s i s t a n c e  i n  a Ma g n e t i c  F i e l d

I t  is seen from Figs. 4 to 31 that all the curves of change of resistance, ex
cept for iron and nickel, are exactly similar in character. The increase of the 
resistance at the beginning is proportional to the square of the magnetic 
field, but later is directly proportional to the field so that the curve of change 
of resistance with field is practically a straight line. This change from the 
square to the linear law takes place gradually after a critical field Hk which for 
different substances ranges from 5 to 250 kG. The phenomenon is so general 
that it would seem that it must have a general explanation. The natural ex
planation would be that when the field is weak, below the critical field (Hk), 
something hinders the appearance of the linear law which is the True Law of 
change of resistance and this law is fully established only when the field is well 
above the critical value. Our hypothesis to explain this is to assume an initial 
disturbance which already exists in the metal. Further, we assume that this 
disturbance is similar to that produced by the outside field and is distributed 
at random in the conductor. When the outside field is applied, the disturbance 
which causes the increase of resistance is now the vectorial sum of these two 
disturbances and the increase of the resistance is proportional to this sum. 
I t  is evident that in such a way the general character of the curves will be ob
tained. When the disturbance produced by the outside field grows larger than 
that of the inside field, we have the gradual approach to a linear law.

To embody these ideas in a quantitative form we assume that the already 
existing disturbance may be represented by a vector h, the meaning of which 
is that a similar disturbance can be produced by a magnetic field pointing in the 
same direction and having the same magnitude. For simplicity we assume 
the vector h to be distributed at random. If the vector h is pointing perpen
dicular to the current I, then we assume that it will produce an increase of 
resistance proportional to ftn h, and if it is pointing parallel to the current it 
will produce an increase of resistance proportional to ftp h, where ftn and (ip 
are proportionally coefficients of the change of resistance for the transverse 
and parallel fields. If the vector h makes an angle a  with the current I, the 
increase of resistance, as can easily be proved, will be proportional to

I t  is evident that owing to the existence of this disturbance the metal will 
have an increased resistance which will equal

ftp h cos2 a -i- ftn h sin2 a . (1)

n

0
(2)
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where R ( is the resistance of the volume of metal under consideration without 
the additional resistance produced by the h ’s. We shall eall R t the ideal resis
tance and A R0 the additional resistance. I t  is evident that the resistance which 
we usually observe in the metal. R, is equal to the sum of R t and A R 0.

After integration of (2) we obtain

A R 0IRi = j ( 2 p n + p p). (3)

Now when the outside field II is established, instead of the vector h in formula 
(1) we have to take the geometrical sum H +  h =  II. To get the increase of 
resistance A R "  produced by II we have to replaee h in expression (1) by H, 
and take the mean value for all orientations of h ’s.

We consider first the ease when II is perpendicular to I, taking, as in Fig. 32, 
I to be parallel to the Z-axis and H parallel to the F-axis. We denote the angle 
between I and II by cx, between li and II by y . and the angle between the pro
jection of h on the plane Z O X  and I as 0, and calculate the increase of resis
tance AR"IRi produced by the simultaneous aetion of II and li when li is 
distributed at random. We have to evaluate the following integral:

A R "
71 2 71

-j— j" j~ II cos2a  -|- pp II s i n 2 a ) s i n y  d y  d 0 .  

o o
If we express II and cos a and sin a in terms of the variables II, h, y and 0. 
and rearrange, we get the following integral:

A R"

~iTT

71 2 77
—- j  I  ( (//- +  h2 +  2 IIh cosy) sinydydO — 

(I o

Pn ftp
I  71

(I 0

h2 sin3y eos20 
| / ( / /2 + h2 +  2 II h cosy) dy d 0 . (5)
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This integral, after exact evaluation, gives two expressions, one of which is 
correct when H f^h, and the other when II ^  h.

A R "
~ W

= Pn h
i p

1 + 3AT
(ft, -  ft.)

3
II ^  h, (6)

A R " (Pn -  Pp) h2 /, 
3 II \

h2
5H II ^  h. (V

These two expressions form a continuous curve.
I t  is evident that the increase of resistance due to the outside field alone is 

equal to
A R  = A R "  -  A R 0. (8)

Inserting the values from (5), (6) and (7) in (8 ) we get the following two 
formulae for H <, h and II >  h :

A R
~r T

b * ( i + L
Pn 3 h \  + 5

AR 0 i r r  h2- P n ( H + 3H

Pn

-  h) + Pn ~  Pp

( H < h ) ,  (9)

h2 7,4 \

A - X + 5 T r )  (10)

which represent the increase of resistance which should occur in a transverse 
magnetic field on our hypothesis. I t  is evident that the curve represented by 
this formula is of the shape required by the experiment. In the region of II 
varying from 0 to h the increase of resistance is proportional to H2. In the 
region of H  varying from h to oo we have a curve which gradually approaches 
a straight line and the change of resistance is proportional to H. The asymptote 
to this curve can be easily found from (10) to be

AR'IRi = p n H - j h [ 2 p n + p p), (11)

or, if we compare (11) with (3) we find
AR'IRf = pn H - A R 0IRi. (12)

The following properties of this asymptote are very important for the 
interpretation of our results. The asymptote will intersect the axis of H ’s at 
a field Hk equal from (11) to

Hk — h(%Pn +  Pp)/3Pn> (13)
of from (3)

1 A R n (14)
k Pn Ri ’

and the axis of A R/Ri at a distance
A R/Ri = - A R J R i . (15)

The parallel effect we treat in exactly the same way except that in this case 
the integration is rather simpler if we choose the axis of our polar coordinate
CPK 10
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system along I, when the angle d does not come into the integral. The integra
tion gives a very similar formula to that obtained for the transverse effeet, 
only the second term has a plus sign and is twice as large, and if we again 
calculate the net increase in resistance A R/Ri we obtain the ehange of resistance 
in a parallel field to be

a r _ ^ r E _ {^  2 f l n - M
Ri Pp 3 h \ 5 ft, )

A R -  h 2 (ft, ~  ft,)
3

,  h2
h ~~H +

h*
5Ip

H  ^  h, (16)

H  ^  h. (17)

The curve is the same shape as in the transverse phenomena. I t  will follow 
first the square law for II and for H  will straighten into a line. This 
curve will have an asymptote as before, the equation of which will be

A R 'IR i= p p H - j h ( 2 p n +  f t) , 

or if we take into account (3)

A R 'IR i= p p H -  A R M

in which again we get for the critical field Hk the value

17 _  7 2 ft, +  f t ___1_ A R0
k 3/8, “ f t  Rt ’

and when II = 0
AR/Ri = -  A RJRi.

(18)

(19)

(20)

(21)

This expression (21) is exactly similar to (15) for the asymptote (12) in the ease 
of the transverse field. Both asymptotes cut the axis of ordinates at a distance 
from the original equal to A R0/Ri which only depends on the ratio of the 
additional resistance to the ideal resistance and is independent of ft,, ft,, 
and h. I t  can also be shown that this property of the asymptote is not affected 
by any special distribution of h if it is not of constant value as is assumed in 
the calculations. This property of the asymptote is the most important one for 
our further analysis of the experimental results as it enables a determination 
of the ideal and the additional resistance to be made for a metal independently 
of the possible variations in h and ft

I t  is evident from expressions (9), (10), (16) and (17) that the shape of the 
curve for the change in resistance will be affected by the relative magnitude of 
the values of ft, and ft,. To investigate this point we shall first assume that 

=  /3p =  /50, when the formulae are at onec simplified. We find that the 
change of resistance produced by the transverse and parallel fields are similar 
and can be expressed by the following two equations, taking into account that 
from (13) and (20) h = IIk

A R IR i= faH * l*H k (II ^ H k),

A R/Ri = f t . (II + IIjcl‘3112 -  IIk) (II ^  IIk) .

(22)

(23)
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The expressions for the asymptote will be also simplified, namely

AR'/Ei = p0(H -  IIk) (24)
or

A R 'IR i= p 0n  - A R M .  (25)

This curve is represented by a continuous line, curve 1, in Fig. 33 and the 
asymptote by a broken line BC. From equations (24) and (25) it is evident 
that the asymptote cuts the axis of abscissa at the point A such that 0  A =  Hk 
and the axis of ordinates at B where OB =  A RJRi.

Comparing expressions (22) and (23) with those which are given in 
Part I of this Paper in Section 4 and marked (A) and (B) which were used for 
plotting the curves in Figs. 5 to 31, we see that they are identical, except that 
in the formulae (A) and (B) we have in the left-hand side of the equations 
A R/R  instead of A RjRt and on the right-hand side ft instead of /30. This diffe
rence merely means that (22) and (23) give the change of resistance relative 
to the ideal resistance R t and (A) and (B) give the change of resistance relative 
to the total resistance R. Formulae (22) and (23) must be regarded as more 
convenient for expressing our results as we shall see later that the ideal resis
tance (Ri) is constant for a given element at a given temperature, and that 
the total resistance (R) may vary according to the physical and chemical state 
of the metal. I t  is easy to find a relation between the constants in the two 
formulae, remembering that R = R t +  A R 0 and using equation (14) or (20), 
we find

and
(26)

10*

= (i - p i h )  R

Po =  /?(! - p i h ) (27)
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The change of resistance as given by expressions (22) and (23) represents 
sufficiently closely the experiments described in the previous Part. The diffe
rence in /S„ and 18 p, which has been measured in several cases, seems to have 
no great influence on the shape of the curve.

To see qualitatively how the change of resistance is affected by a difference 
in values of /?„ and/?p in our hypothesis, we consider a limiting case, namely 
j8p= 0 , when we obtain for the transverse field the following two equations. 
First, from (13) we get Ht. = \ h  and expressions (9) and (10) become

A R
Ri

A R

£  o
5 ^ ' 3 Hj.

o I n  H3 81 pn \H  +  H 4 80 / / 1 H ^  — H,

(28)

(29)

The curve again follows the square law in the beginning, but the square law 
extends further than in the previous case (up to 1-5 Hk) before it straightens 
out. The broken line, curve 2 on Fig. 33, represents this case and is drawn to 
compare it with the case when =  /Sp. I t  is seen that in the case (3p = 0 the 
asymptote is reached at lower fields.

Finally it is of some interest to consider roughly the case of the transverse 
effect when /?n =  0, but fip is not equal to 0. Putting in expressions (9) 
and (10) equal to zero it is seen that we obtain a decrease in the resistance 
instead of an increase. The change of resistance in this case is represented by 
the curve 3 in Fig. 33. I t  is to be noted that this curve bears a certain resem
blance to the curve obtained in the case of nickel (Fig. 30), but we think that 
this resemblance is quite accidental and in the case of a ferromagnetic substance 
the phenomenon probably has a different origin from the one assumed in this 
case. The explanation which we give in Section 4 of Part I, where we describe 
the experiments with nickel and iron, is more probable.

In the case of the parallel effect, the fact that fip is smaller than j3n ■will have 
a much stronger influence than in the transverse effect. I t  can easily be seen, 
for instance, that if fip = ij there will be no change of resistance observed 
before the critical point when the change of resistance suddenly starts.

2. C o m p a r i s o n  of E x p e r i m e n t a l  C u r v e s  w i t h  T h e o r e t i c a l

As has already been stated in Part I, Section 3, all the curves in Figs. 
4 to 31, except in the cases of nickel and iron, were drawn from the formulae 
(A) and (B) which correspond to the formulae (22) and (23) evaluated in the 
previous section on the assumption that /?„ =  /?p. In all these cases we saw 
that these formulae represented the experimental facts within the limits of 
experimental error.

On the other hand, the study of the parallel effect showed that in most 
cases 18p is smaller than {3n. If by formula (27) we transform the values of /J 
given in the previous Part, which relate to the change of total resistance, to 
the values used in the previous section related to the ideal resistance, we 
obtain the ratio between the (3p’s and the j3n’s for the metals which we studied
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in the parallel field at the temperature of liquid nitrogen. These values are 
given in Table 9.

As we have already shown, a difference in /?„ or ftp does not affect the general 
character of the curve—the square law in weak fields and the linear in strong 
fields—but only lowers the curve (sec Fig. 33, curves 1 and 2 ). I t  can, however, 
easily be seen that this difference lies beyond the accuracy of the present 
research. For example, let us take one of the worst cases, aluminium wire 
PpIPn =  0-46. I t  can be shown that the largest difference between the assumed

Table 9

Element Cu Cd A1 Ga Mo

ftp ftn 0-63 0-83 0-46 1-1 about 0-2

formulae (22) and (23) ftn — ftp> and the true one, ftn =  0-46 ftp, will be at a 
field H = 1-2 Hk, where it amounts to 10 per cent. The increase of resistance 
of aluminium at H = 1-2 Hk (42 kG) is, according to our observation, 8 per 
cent but ought to be 7-2 per cent, and the difference is just on the verge of the 
experimental error. Moreover, all these considerations arc made on the assump
tion that the asymptote is already fixed, but actually there is a certain amount 
of latitude in the choice of the values of ft and Hk which makes the difference 
spread over the whole curve. This example gives a sufficient justification for 
regarding the simple formulae (A) and (B) or the corresponding formulae (22) 
and (23) as a sufficient approximation for the present experiments. Unfortu
nately, other factors which are more difficult to evalute than the difference in 
ftn and ftp may affect our results. In the first place we assumed that h is uniform 
and distributed at random. This is probably true in a non-crystalline substance, 
but it may not be true in the case of an orientated crystal. In order to estimate 
the influence of the orientation of h wc made the simple assumption that all 
the components of h are perpendicular to I. After calculation this gave for the 
transverse effect a curve very similar in character to that obtained in the previ
ous case for the transverse effect and which actually lies between curves (1) 
and (2) of Fig. 33. On the other hand we also investigated another case where 
h has components only parallel to I and we again obtained a curve very similar 
in shape, only slightly lower than the previous one.

Finally it is also very unlikely that h has a constant value as we have assumed 
in our calculations. I  am indebted to Mr. R. H. Fowler for performing the 
calculations in the case where h has a Gaussian distribution round its mean 
value. We will not give the mathematical analysis in this case, which is more 
complicated, but it has been proved that this also does not affect the general 
character of the curve; it merely raises the curve about the point H  =  Hk 
and does not affect the square law in the beginning of the curve or the linear 
law at the end. h in this case will represent the mean value of the h’s. In the 
cases when ftp < ftn the influence of the Gaussian distribution of h’s will tend 
to compensate the error made by assuming the simplifying formula ftp = ftn.
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This probably accounts for the slightly better agreement of the experimental 
results with the simplified formula than was at first anticipated.

Summing up all these considerations of the possible factors which influence 
the part of the curve of change of resistance below the critical field, we may 
say that it will be influenced by the ratio of to /9p, and by variations in the 
magnitude of h and its distribution, but that the general character of the curve 
will be given by the simplified formula which we used. The agreement of the 
experimental results seems to justify our hypothesis.

The very important point which we will now discuss is how accurately we 
can draw the asymptotes to our curves. This question is of importance as 
the intersection of the asymptote with the axis of ordinates allows us to 
determine the additional resistance zl7?0 and obtain the ideal resistance. 
Whilst this property of the asymptote is not affected by any variation in h 
and /?, it is important to find the asymptote as accurately as possible. This 
depends on the influence of the simplification adopted, /5n =  /3p, and on the 
values of and Hk evaluated from the experimental curve. I t  can be shown for 
instance that if Hk is about 50 kG, six times smaller than the normal field of 
300 kG with which we are working, the maximum error in the determination 
of Hk does not exceed 5 per cent, and is probably only one-half or one-third of 
this amount. When Hk is above 100 kG, the maximum possible error rises to 
10 per cent, and at 200 kG it may be very large, above 30 per cent. By using 
the simplified formula in all cases we shall probably always over-estimate the 
value of Hk. The /S’s are less affected by the simplification /Sp =  /3n.

3. T he  A d d i t i o n a l  a n d  t h e  I d e a l  R e s i s t a n c e

From our hypothesis it is evident that in a metal the observed resistance is 
the sum of the ideal resistance R t and the additional resistance A R 0. As has 
been shown in Section 1, A R 0 can be easily obtained from the point of inter
section of the asymptote with the axis of ordinates, and the value of A R 0 thus 
obtained is quite independent of the exact law which the change in resistance 
follows, and only depends upon the accuracy with which the asymptote is 
drawn to the curve.

In the first place we shall examine how A R0 and I?; depend upon the physical 
state of the conductor. In Fig. 5 curves are given for the change of resistance 
of copper for different stages of annealing. From a mere glance at these curves, 
it may be seen that the asymptote of a hard drawn wrire must intersect the axis 
of ordinate at a point lower than that of an annealed wire. This shows that 
A R0 is larger in a hard drawn wire. The actual values of A R 0 and R t for diffe
rent metals are given in Table 10. To compare the values of A R0 and R t in 
different specimens of wire we determined their specific resistance at room tem
perature. We had also measured the change in the resistance (R/Ri, see Sec
tion 3 of Part I) which takes place when the substance is cooled, so that we were 
able to obtain the specific resistances a at the temperature of liquid nitrogen 
or solid C02 and ether. These are given in Table 10 in the third column. This 
divided in the ratio of R t to A R0 and thus the ideal specific resistance <r,- and
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the additional speeifie resistance A <r0 were obtained. They are given in Table 10 
in columns four and five.

From the comparison of the ideal speeifie resistance for different specimens 
of Cu, Ag, Au and Al, it is seen that it has so nearly the same value for each 
metal that the observed variations can easily be aeeounted for by experimental 
error. On the other hand, the additional resistance is affceted by the physical 
state of the wire; thus, for example, hard drawn copper has a value of A cr0 
about 2 |  times larger than the same wire when it is annealed.

Table 10

Element Effect

Specific resistance at liquid nitrogen 
temperature x 106

Remarks
Measured

a
Ideal

a*

Additional
A a0

Cuj H a. I 0-245 0-214 0-03 Annealed
Ciij H  ± 1 0-300 0-223 0-077 Hard
Cu„ H  i 7 0-258 0-214 0-044 Semi-hard
Ciij H \ \ I 0-270 0-220 0-05 Hard

Ag H a. I 0-284 0-265 0-03 Soft
Ag H  A. I 0-352 0-300 0-052 Liquid air, hard

Auj H  ± 1 0-487 0-452 0-035 Soft
Au„ H a. I 0-520 0-456 0-064 Liquid air, hard

Alj H  i / 0-318 0-288 0-03
Aln H  ±  I 0-394 0-315 0-08
Aim H a. 1 0-382 0-315 0-067 Liquid air
Alra H  \ \ I 0-342 0-321 0-021 The data are approximate

Cd! H a. I 1-51 1-31 0-20
Cd, H  || / 1-51 1-30 0-21

This result confirms our hypothesis, for we should expeet the ideal resistance 
to be a constant for a given temperature, whilst naturally the disturbing h’s 
would account for the additional resistance having a higher value in a hard 
drawn wire where the physical disturbances are certainly more severe.

On our hypothesis we must also expect to have the same ideal resistance 
when the magnetic field is either transverse or parallel to the current, and this 
is confirmed by the experimental data, as can be seen from Table 10, in the 
cases where we measured the parallel effeet, namely, Cu, Al and Cd. The 
difference in A o0 whieh we observe in the ease of Cu and Al, for the same wire, 
in the transverse or parallel fields, is accounted for by the different way the 
wire was strained when set in the holder (Figs. 3 A and 3D). This point has 
already been discussed in the first part (Section 5, copper). The most accurate 
confirmation of the constancy of cfi in both effects was obtained in cadmium, 
where the parallel effeet was measured more accurately.

The next point to consider is how the additional and the ideal resistance are 
affceted by tHe temperature. In Table 11 are given the ratios of A R0 and R t to
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the room temperature resistance Rr. The \Talues are given at room temperature, 
temperature of C02 and temperature of liquid nitrogen for those substances 
for which and Hk could be evaluated at these temperatures. We see that 
A R JR r has a fairly constant value at the three temperatures and there is 
only a slight tendency for an increase at lower temperatures. This slight increase 
can be accounted for either by the fact that at C02 and room temperatures 
the resistance change is small, making it impossible to separate (} and Hk without 
a large error, and this error affects A R0 considerably, since it is only a small

Table 11

A R0/R r RJRr

Mg Zn Cd A1 Mo Mg Zn Cd A1 Mo

Room temperature 0-126 — — — — 0-87 _ _ _ _
co2 0-110 0-039 0-018 0-025 0-04 0-57 0-65 0-65 0-56 0-58
Liquid nitrogen 0-156 0-050 0-027 0024 0-05 0-014 0-155 0-194 0-12 0-09

fraction of the total resistance; or, by the fact that we have not taken pre
cautions to eliminate an increase in strain when the wires Avere cooled. It is 
quite probable that by winding the Avire tightly on the small ebonite cylinder 
as in the holder (Fig. 3A), extra strains due to thermal contractions are intro
duced Avhich increase Avith decreasing temperature. This is supported by the 
observation Avhich Ave already mentioned that all the Avires mounted on holder 
Fig. 3D, Avhich Avere not curved and strained on winding, haATe a smaller d RQ 
and a larger temperature coefficient. The importance of this possible strain 
was unfortunately realised too late. Thus we may conclude from our experi
ments that to a first approximation A R0 is not affected by the temperature.

The ideal resistance, R t , on the other hand, diminishes rapidly Avith decreas
ing temperature as is seen from Table 11. Since the ideal resistance appears to 
be independent of the irregular disturbances in a metal and is only a function 
of the temperature for a given element, it is of importance to knoAv hoAV it 
varies Avith the temperature. By assuming that the additional resistance is 
independent of the temperature avc can determine the ideal resistance for room 
temperature, R ri, and find its ratio to the ideal resistance at lorver temperatures. 
The values of Ri/Rri as obtained for liquid nitrogen temperatures are given 
for a number of elements of each group of the periodic system in Table 13. 
We observe that the ideal resistance for the lighter elements is lowered much 
more rapidly than for the heavier ones and this is specially marked for Be, 
Mg and Cr.

4. T h e  R e s i d u a l  a n d  A d d i t i o n a l  R e s i s t a n c e

It is known that a hardened metal has a larger specific resistance and its 
value on cooling falls more slorvly than for an annealed Avire. Further, it is 
known that when cooled doAvn to very low temperatures approaching the
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absolute zero the resistance of a metal during the last 10 or 20 degrees does not 
alter appreciably and retains a value which was called by Kamerlingh Onnes 
the residual resistance. Experiment has shown that the residual resistance is 
largely affected by the physical state of the substances, exactly in the same 
way as our additional resistance A R0, its value increasing in hard and impure 
metals. A closer comparison which we will now consider shows that our addi
tional resistance and the residual resistance are identical.

Kamerlingh Onnes and Clay14 were the first to separate the resistance into 
two parts, the first which, like ourselves, they called the ideal and the second 
part the residual or additive resistance. Later Nernst15 adopted a very similar 
view and it was shown that the additive resistance varied in different specimens 
of -wire of the same metal, increasing with the hardness and impurities but 
remaining approximately constant for a given metal at different temperatures, 
and as a rule not vanishing at absolute zero. The ideal part of the resistance 
for a given element was found to be a function of the temperature only. We 
see that there is a complete similarity between the ideal and additional resis
tances, derived from our hypothesis of the disturbing field. Comparing the 
actual values of A R0 with the values of the residual resistance obtained for 
identical elements at low temperatures we find a further confirmation of the 
identity of these two quantities. In  Table 12 in the second row we give the 
ratio of the resistance of a metal at the temperature of liquid hydrogen 
(— 253°C) to its resistance at 0°C. These values are taken from the collection 
of data given by Kamerlingh Onnes and Tuyn16 and we have chosen the largest 
and the smallest value observed. At the temperature of liquid hydrogen the 
resistance in most of the substances when no special precautions are taken 
for annealing reaches a fairly constant value equal to the residual resistance. 
In  the first row we give the smallest and the largest value of the ratio of the 
additional resistance A R0 to the resistance at room temperature Rr which was 
obtained from our measurement on the change of resistance for different 
specimens of the same element. Taking the room temperature instead of the 
temperature at 0°C, we actually obtain slightly smaller values for A R 0/Rr, 
but as the difference is only on the average 5 per cent, we thought it was not 
worth while to introduce this correction, since only a rough comparison is 
possible in this case. Comparing the values of the additional and residual 
resistance for a given element given in Table 12 we see that the identity of 
these values may be taken as confirmed. First, the magnitude of the two 
resistances is the same in all cases; secondly, the values of A R0[Rr lie in most 
cases between the maximum and minimum values for the residual resistance, 
and finally if we compare more closely the data given in Kamerlingh Onnes 
and Tuyn’s table with ours we find that wires treated approximately in the 
same way as in our experiments give values for the residual resistance very 
closely approaching the values of the additional resistance as observed by us.

The only case where we have a larger value for A R0/Rr than can be accounted 
for by experimental error is in the case of zinc. This, however, can be very 
easily explained by the large strains which occurred in this particular wire 
(Znj) when it was wound, these strains being manifested by the breaking of
CPK 10a
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the wire on cooling as mentioned in Part I, Section 5. These large strains will 
account for the abnormally high value of the additional resistance in Znj;.

The value for the residual resistances observed at low temperatures when the 
wire was very carefully annealed, much more carefully than in our experiments, 
is much smaller than the additional resistance which we observed. This would 
mean that these very well annealed wires should show a small additional 
resistance when studied in a magnetic field. The small value of A R 0 will 
cause the linear part of the change of resistance law to be reached for smaller 
magnetic fields, so that Hk will be smaller, and it is possible to estimate how 
low the value of the critical field may drop. Tuyn and Kamerlingh Onncs17 
have studied the change of resistance for natural copper crystals and Meissner18 
single crystals of gold, cadmium and zinc. The residual resistances in these 
crystals are very small, ranging between 0-001 and 0-0001 of that at 0°C. We 
should expect from comparison with our data that the value for the critical 
field in such copper crystals will be about 5 kG, and for gold crystals even 
smaller—about 3 kG, so that they could be observed with an ordinary electro
magnet. This indicates that most of the A R 0 is probably produced by the strains 
set up in the wire, but it is very probable that even in a mono-crystal there is 
some residual disturbance which is much smaller than in polycrystalline 
substances. I t  will be interesting to investigate how A R  depends on the per
fection of the crystal.

From these considerations we may give a probable explanation of the curious 
fact which we observed, namely, the exceptionally small value for the critical 
field (5 to 10 kG) in gallium (Section 4, Part I). This, unlike most other metals 
used in our experiments, was cast in a spiral and very probably approached 
more than any other metal in its physical state to a mono-crystal.

5. T h e  A d d i t i o n a l  R e s i s t a n c e  a n d  S u p r a - c o n d u c t i v i t y

Substances which are supra-conductors, mercury, thallium, tin, lead and 
indium, were very carefully examined, but no exception to the general law in 
their change of resistance in magnetic fields was observed. They all had, 
however, a rather small increase in resistance, /3 being small.

If we compare the additional resistance A R0 for these substances (see Table 12) 
with the resistance near the threshold of supra-conductivity, we find that the 
values lie within the limits of the variation of the resistance at the threshold 
observed by Kamerlingh Onnes for different specimens of the same supra- 
conductor. This definitely indicates that the phenomenon of supra-conductivity 
consists in the disappearance of the additional resistance and the resistance of 
the conductor is then equal to its ideal resistance. If we take this point of view 
we must conclude that supra-conductivity is not a phenomenon confined only 
to the metals mentioned, but can exist in all metals, only it  is masked by the 
additional resistance which does not disappear in most metals at low tempe
ratures. The additional resistance from our point of view has a different origin 
from the ideal resistance. I t  is mainly, if not entirely, produced by the struc
tural and chemical imperfections of the metal in the conductor whilst the ideal
10 a*
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resistance depends on the temperature only and in all metallic conductors 
probably disappears continuously, but very rapidly, as the metal is cooled, 
so that at a sufficiently low temperature it has immeasurably small values. The 
lighter elements, as we sec from Tables 11 and 13, diminish their ideal resistance 
with decreasing temperature much more rapidly than the heavier ones, and 
we should expect them to be better supra-conductors, except that nature has 
not provided a mechanism for annulling the additional resistance.

The main cause of supra-conductivity therefore lies in the mechanism which 
makes the additional resistance disappear. On our hypothesis this additional 
resistance is very similar to the one produced by a magnetic field h distributed 
at random in the metal, and it is natural to expect that the disappearance of 
the additional resistance is more difficult when h is large. If, for instance, we 
increase the value of h by placing the conductor in an external magnetic field, 
the disappearance of the additional resistance may be hindered. This explains 
the influence of the magnetic field on the threshold temperature of supra- 
conductivity discovered by Kamerlingh Onnes,19 which as expected from 
our views moves to lower temperatures in a magnetic field, this shift of the 
threshold temperature increasing as the magnetic field becomes stronger. 
From our experiments we also know that a strain set up in the metal is equi
valent to an increase in the disturbing field h, and this ought again to move 
the threshold of supra-conductivity to lower temperatures. This was actually 
observed by Kamerlingh Onnes20 in tin and indium.

At present unfortunately there is not an adequate theoretical basis to allow 
of speculation as to the mechanism which permits the additional resistance to 
be annulled. As we shall see from our next section, the theory of the increase 
of resistance produced by an external magnetic field is in an unsatisfactory 
state, and without an adequate theory it is scarcely possible to understand 
the true character of the disturbance produced by the li’s and the origin of 
the additional resistance. We can only suggest a possible reason why supra- 
conductivity has so far been observed only in the heaviest elements. From our 
experiment these elements have small values of (1 and this means that a magne
tic distortion influences the conductivity in these elements less efficiently 
than in the others, although there are many other heavy elements, like platinum 
and gold, which have a small value of ft but still are not supra-conductors.

I t  is quite evident, however, that in the researches on supra -conductivity 
the greatest attention has to be directed to the physical and chemical state of 
the metal, and it is quite possible that by affecting the chemical and physical 
state of the metal, for example, by means of very carefid crystallisation and by 
avoiding all possible strains, supra-conductivity may be produced in all metals.

6. T h e  S i g n i f i c a n c e  of t h e  Co e f f i c i e n t s  /?

The (i’s which we evaluated from experimental results in the Part I  of this 
paper and whose values are given in Tables 1 to 8, determine [see formulae (A) 
and (B)] the increase of resistance {AR) relative to the normal resistance 
of the conductor R. On our hypothesis this resistance of the conductor R
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consists of two parts, the additional A R0 and the ideal R t , and only the latter, 
as we have seen in Section 3, is independent of the accidental disturbances 
produced by the h ’s. In Section 1 we have used other /30’s which can be easily 
evaluated from the experimental /? from equation (27). These /?0’s connect 
the increase of resistance with the ideal resistance as can be seen from 
expressions (22) and (23), and these values, being independent of the physical 
state of the conductor, will be discussed in this section. /?„ has, from the point 
of view of our hypothesis, the important significance of representing the true 
law of change of resistance when no disturbance exists in the metal. This

BeMg Mg

Fig. 34

can easily be seen from the two expressions for the change of resistance in 
transverse and parallel fields, (10) and (17), which in this case become identical 
with equations (11) and (18) for the asymptotes when h =  0.

A R 0IRi = poH.  (30)
The values of /?0 for liquid nitrogen or liquid air temperature for most elements 

are given ip Table 13. In most cases they differ from the experimental /?’s 
only by a few per cent.

Examining the properties of /? we find first of all, as we have already described 
in Section 2, that for a transverse field is different from /?p for a parallel 
field, and in most cases /?„ >  (3p. For copper, cadmium, aluminium, gallium 
and molybdenum we have already given the ratio of to /Sn in Table 9.

The £0’s are also a function of temperature and their values increase very 
rapidly with decreasing temperature. Thus by cooling from room temperature 
to liquid nitrogen, /50 for Mg increases 100 times and for Be about 18 times.
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By cooling to the same temperature from the temperature of solid C02, jS0 
increases for Zn, Cd, Ga and Mo by different values ranging from 12 to 5 times. 
One of the most striking properties of /30 is that the value of /90 for a given 
element is related to the position of the element in the periodic system. In 
Table 13 we see that in every column of each group /30 decreases from the 
lighter to the heavier elements. This rule seems to have no exception, except 
beryllium, and in this case, as stated in Section 4, Part I, the experimental 
results are not final, owing to the impossibility of obtaining pure beryllium.

If we follow the variation of j30 in a horizontal line we find that again there 
is a periodicity. To illustrate this periodicity of /J0 we plot in Fig. 34 its value for 
each successive group of elements on one of a series of parallel lines and connect 
the points of neighbouring elements. From the curves so obtained it is notice
able that there is quite a definite periodicity in the value of (}0 for elements of 
different groups. The second group of elements apparently shows the largest 
/J0 and it gradually decreases when we come to the neighbouring elements in 
the first, third and fourth groups. The elements of the so-called “ transition” 
group, such as titanium, vanadium, iron, nickel, zirconium and tantalum, have 
such a small value for that we were unable to determine it by our present 
method. The only exceptions in the group are chromium, molybdenum and 
tungsten where we find a change of resistance as large as in the elements of 
the second group. Arsenic, antimony, and bismuth also fall out of our periodic 
relations. These exceptions will be discussed in one of the next paragraphs. In 
general it has to be admitted that since (}0 is a function of temperature a com
parison of its values for different elements may not be very significant. How
ever, the variation along the periodic table is very well marked and cannot 
be taken as purely accidental, and by a more detailed consideration of the 
periodic variation of /90 we may find a satisfactory explanation of its meaning.

To explain it, let us consider a value which we shall call “ the absolute increase 
of resistance per atom” , A oa- This value we take equal to

A o a = p oOiAld, (31)

where <T; is the ideal specific resistance of the metal at the temperature of liquid 
nitrogen, A its atomic weight, d the density. I t  can easily be seen from (30) 
and (31) that Aoa represents nothing else than the increase of resistance in a 
non-disturbed metal produced by a field of 1 gauss and reduced to the same 
numbers of atoms if calculated for different elements. The right-hand side 
of (31) can easily be transformed into our experimental units, namely

A oa =  R/Rr • oT Ajd, (32)

where or is the specific resistance at room temperature. The values of A oa 
for liquid air temperature are given in Table 13. Most of them have been cal
culated by using the values of or, obtained from measurements on the same 
wire which we used in our experiments. The others, marked by crosses, are 
obtained by using data taken from tables. As the specific resistance could 
not be measured in extruded wires (Mg, Zn, Cd, In, Tl, As and Pd) accurately, 
owing to the difficulty of determining the cross-section of a non-circular wire,
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and as the possible specific resistance of our metals may differ from the values 
given in the table (Li, Hg, Ga), the values of A oa have (in general) to be regarded 
as approximate, with a possible error of 5 to 10 per cent. I t  is evident, however, 
that the values of A aa for each group have the same order of magnitude. 
In all the groups of elements we notice, from Table 13, a tendency for the 
heavier elements to have a larger A oa then for the lighter ones, Mg, Cd and 
Ga being, however, exceptional.

Returning now to the periodic variation in /30 we may see from (31) that
A a a

Oi
(33)

and as A oa is more or less constant in a group of elements and even increases 
for the heavier elements, contrary to /90, this means that cr£ A/d, the ideal atomic 
specific resistance, diminishes very rapidly as we go from the heavier to the 
lighter elements in each group. We have already pointed out in Section 3 
that the ideal resistance R{ in the lighter elements drops much more rapidly 
to zero as the temperature decreases, and as R t is proportional to cra this ex
plains the variation of in each group of elements.

TheZl <ra’s no doubt give the most correct representation of the real magnitude 
of the phenomena of increase of resistance, as they represent the increase of 
resistance per atom, or per unit cell of the crystalline lattice for different 
elements. I t  can be seen from (31) that the /?0’s become infinitely large as 
the ideal resistance Oi becomes immeasurably small when at low tempertures 
the metal gradually reaches the supra-conductive state. The A oa behave in 
a different way at low temperatures; evidently they must keep finite and 
probably reach a definite value at absolute zero. This is confirmed by the way 
in which Zlcra depends on the temperature as can be seen from Table 14 
below, where the values of A oa are given for temperatures of about 90°K and 
190°K.

Table 14

Mg Zn Cd Ga Mo

A a x 1012 ( 190°K (CO2)
a \  90°K (liquid nitrogen)

61
120

19
40

43
68

200
300

12
22

From this table we see that Zl aa varies more slowly with the temperature 
than 1 jT  so that it is influenced by the temperature much less than the /?’s 
or the ideal specific resistance. As the/1 oa for different elements are differently 
affected by the temperature it is impossible from our measurements to say what 
are the limiting values of A oa at absolute zero, but it is evident that as these 
values will be independent of the temperature a comparison of them will be 
of great value for the interpretation of the phenomena of conductivity. As, 
however, these limiting values can only be obtained by experiments at lower 
temperatures than we have available at present, we are only in a position to in
dicate very generally from a comparison of our data that the values of Aoa will
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tend to the same order of magnitude in each group of elements and will 
probably have the smallest values in the first group, increasing towards a 
maximum in the middle of the periodic table.

7. T h e  I n f l u e n c e  oe I m p u r i t i e s  a n d  A l l o ys

I t  is seen from the experimental data in Part I that impurities have a large 
influence on the phenomenon of change of resistance, but an exact study is 
very difficult since a small amount of impurity acts in a similar way to a dis
tortion produced by hardening, stretching or bending of the conductor, and it 
is practically impossible to have two wires of the same physical state but with 
different amounts of impurity. I t  is also difficult to estimate the small amount 
of impurities with which we are concerned in a metal since this can be done 
only by spectroscopic analysis, and this, as we have seen in the case of Zn and 
Cd (Section 4, Part I), misses the presence of oxygen and other gases, which 
no doubt influence the specific resistance of the metal.

But still from a general comparison of different data we have come to the 
conclusion that a small amount of impurity acts in a very similar way to a 
physical distortion and can be eliminated when the curve is analysed in the 
manner already described. This influence of small impurities can also be de
scribed as an increase in the disturbing h ’s which also increase Hk the critical 
field and thereby increase the additional resistance, but do not affect the ideal 
resistance (see, e.g. Al, Table 10). There is again a similarity between the addi
tional and residual resistances, this also being increased by impurities.4

This resemblance between the effect of impurities and physical disturbances 
is only true when the quantitity of impurity is small, larger amounts of im
purity having a different effect which is much more like a temperature effect 
in the sense that to the actual temperature an approximately constant tem
perature is added. This is manifested in the increase of R t and decrease in /?0. A 
limiting case corresponds to an alloy mixture like the silver-gold which we 
examined, as described in Section 4, Part I. We have seen that this alloy shows 
no measurable change of resistance in a magnetic field, and also when cooled 
its resistance drops very little.

A different phenomenon was observed in a metallic compound. Of these 
we have studied only Cu3As, and as described in Part I, Section 4, the experi
ment showed that this compound behaved much more like a pure metal, its 
resistance falling on cooling to liquid air temperature to 0-42 of its value at 
room temperature, while a considerable change of resistance was observed in a 
magnetic field. Thus in metallic compounds which form a crystal lattice with 
regularly distributed atoms of the two elements we may have probably the 
same undisturbed mechanism of conductivity as in a pure metal, and by more 
careful experimental examination we should probably find that all the proper
ties of the additional and ideal resistance hold as observed in pure metals. The 
opposite happens in an alloy mixture where the atoms of the foreign substance 
replace the original atoms in the crystalline lattice in an irregular way. The 
binding between the atoms varies, the distance between them is also irregular 
and we have a picture similar to that produced by temperature agitation.
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We have also seen that a larger amount of impurity may affect the general 
shape of the curve of change of resistance and cause the curve to have a sharp 
bend as noted, for instance, in the case of carbon and bismuth. The most 
probable explanation for this bend is that the impurities are not equally dis
tributed and in the parts where the impurities are mostly concentrated the 
conductor is in quite a different state. The very impure parts which have an 
increased specific resistance are but little affected by the magnetic field, while 
the purer parts are very strongly affected. At the beginning the current is 
mostly flowing through the pure spots in the conductor, but a t higher magnetic 
fields the distribution of the current is changed and it all passes through the 
impure parts of the conductor which have now the smaller specific resistance. 
I t  is evident that in smaller fields the change of resistance curve will be defined 
by the larger ft’s for the purer spots, and then gradually change to the smaller 
ft for the impure spots. This results in a bend in the curve observed for impure 
carbon, bismuth and other elements.

Thus it is seen that the influence of an addition of foreign metals in the con
ductor may be very complicated, and probably the present state of our know
ledge of the phenomena is not adequate to understand it, so that it is sufficient 
to be satisfied with the fact that the influence of a small amount of impurities, 
which cannot be avoided, can be eliminated in determination of I?,- and ft0.

8. T h e  Ch a n g e  of R e s i s t a n c e  i n  A r s e n i c , A n t i m o n y  a n d  
B i s m u t h  a n d  S e m i - c o n d u c t o r s

Our hypothesis as given in Section 1 cannot be applied to arsenic, antimony, 
and bismuth without some reservation. Although the general shape of the 
curve can be satisfactorily expressed by formulae (22) and (23), it can easily 
be shown that the meaning of the constants in the formulae cannot be exactly 
the same as adopted for the other metals. The additional resistance A E 0 
in this case, if we attempt to draw the asymptote, will be larger than R it 
which is, of course, impossible. The explanation of this exception is probably 
to be found in the different character of the conductivity of these three ele
ments. We may note from the periodic table that the neighbouring elements 
of arsenic are germanium, selenium and phosphorus, all these being non-metallic 
conductors. Antimony also has two neighbouring elements, stable grey tin 
and tellurium, which are non-conductors. We ought to expect, therefore, that 
arsenic, antimony and bismuth will be non-conductors too, and actually there 
exists a modification of two of these metals which is non-metallic, having a 
cubic structure, the so-called yellow arsenic, stable below — 70°C and yellow 
antimony stable below — 90°C. In bismuth a non-metallic modification has 
not yet been discovered. I t  is evident that the different behaviour of these 
three elements is closely connected with the difference of the bonds between 
the neighbouring atoms when they exist in the non-metallic cubic state and the 
usual rhombohedral lattice in the metallic state. The suggestion which we 
propose to make to throw some light on the mechanism of conductivity in 
these three metals is based on an analogy with the semi-metallic properties of
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the two neighbouring elements, germanium and tellurium, which wc studied, 
and the properties of which were described in Section 4, Part I. Apparently 
tellurium or germanium begin to conduct if any impurities are present in the 
elements, and the conductivity may be increased several thousand times by 
increasing the amount so that the influence of impurities on these substances 
is exactly opposite to that observed in normal metals. The temperature also 
has an opposite effect, the resistance decreasing with increasing temperature. 
Thus in these metals in a pure state the bonds between the atoms are of such a 
character that an electron is not free to move under an applied electric field. 
The change produced in this bond either by impurities or by bringing the atoms 
to a closer approach by increasing their thermal agitation sets the electron 
free to move. We presume that in the non-metallic cubic arsenic and antimony 
the bonds between the atoms are of the same non-metallic character as in the 
pure germanium or tellurium, except that in As, Sb and Bi a different equili
brium distance between the atoms may exist and a displacement of the atoms 
by thermal agitation or impurities is not required for metallic conductivity to 
occur. I t  is well known that As, Sb and Bi, when in the metallic state, have a 
rhombohedral lattice which is very similar to the cubic and can be obtained 
from it by a very small elongation of one of the long diagonals of the cube. 
The most important difference from a cubic structure is due, however, to the 
distribution of the atoms. If we imagine a cubic lattice with eight atoms at the 
corners and displace four of them along the diagonal of deformation, we obtain 
the actual lattice of Bi, Sb and As. This deformation will cause some of the 
atoms to approach much closer to their neighbours. Thus the shortest and 
longest distances between neighbouring atoms differ in arsenic by 25 per cent, 
in antimony by 16 per cent, and least of all in bismuth by 11 per cent. The diffe
rence in distance between the atoms probably makes the binding of the closest 
atoms very “ tight ” and quite different in character from that of the atoms fur
thest apart which we may call “ loose” . I t  is of interest to note that the “ tigh t” 
bonds probably account for the large diamagnetism of these substances as 
they may conceivable result in common electronic orbits between several nuclei, 
as was suggested by Ehrenfest.21 This point of view was adopted by the author 
in his previous work on bismuth crystals1, and seems to be fairly justified by 
experiment. The “ loose” bonds probably account for the metallic conductivity 
in As, Sb and Bi, so that this picture can justify the assumption that the 
mechanism of conductivity in these elements must be similar to that observed 
in Te and Ge, in which “ loose” bonds are produced by the separation of the 
atoms by heat motion or by the introduction of foreign atoms. This suggestion 
is confirmed if we compare the phenomena of change of resistance in these 
substances. We again calculate, as in Section 6, the A oa, the absolute change 
of resistance per atom produced by a field of 1 gauss, as calculated from (32), 
only in this case it must be noted that in Tabic 15 we have given the value 
of Aoa X 108 instead of Aoa X 1012, as the increase of resistance is much larger 
for these elements.

From this table we see that the values of Aoa for the As, Sb, Bi group of 
elements lie well between the two elements of the neighbouring group, Ge and
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Te, and that the largest absolute increase in resistance is given not by bismuth, 
as is usually thought, hut by tellurium; this being due to the very high specific 
resistance of the latter. Thus the absolute increase of resistance is of the same 
order for the elements of Table 15, but is about 10,000 times larger than is 
observed in normal metals. This fact alone is sufficient to indicate a difference 
of mechanism of change of resistance between the semi-conductor and the 
true conductor. The main difference on our picture between this group of 
semi-conductors, with which Bi, Sb and As have to be associated, and normal

Table 15

C Ge As Sb Bi Te

I Room temperature 7 7 0-25 1 30 600
A oa x 108 I C02 8 9 0-35 1*5 110 900

1 Liquid air 10 20 1-0 3-8 400 1400

metals, is that in these semi-conductors the bonds between atoms are un- 
symmetrical, owing to the lack of symmetry of the crystal structure, each atom 
having both “ tigh t” and “ loose” bonds. In the true metals, which have a 
more regular lattice, each atom is more symmetrically surrounded by other 
atoms and all the bonds are of the loose type characteristic of the higher 
specific conductivity of the metal.

I t  is probable that in the case of semi-conductors the magnetic field has a 
direct influence on the equilibrium between the tight and loose bonds, thus 
affecting the position of the atoms in the crystal lattice. This may account for 
the impossibility of interpreting these results on our main hypothesis. For 
more definite conclusions, however, further experiments are required to find 
if any kind of alteration in the other magnetic properties of this group of ele
ments occurs in a strong magnetic field. No doubt if the crystal structure is 
actually affected we may find magnetostriction phenomena, or a change in 
the diamagnetic constant in strong magnetic fields.

There is an experimental fact which supports the view that the behaviour 
of the semi-metallic group differs from the normal in a magnetic field. In 
the author’s previous work1 it was found that the parallel field produced a 
very small increase of resistance in bismuth crystals. This increase shows a 
saturation effect and is strongly affected by the perfection of the crystal, and 
it was even suggested that it is possible that the small residual effect observed 
in the best crystal rod was due to the still existing imperfection of the crystal 
lattice. In  this way Bi differs from all the rest of the normal metals which show 
little difference between the parallel and transverse field.

From our point of view graphite has to be regarded also as a semi-conductor, 
as in the normal diamond lattice the bonds between the atoms arc of a “ tight” 
character and no conductivity is observed, but in the irregular graphite lattice 
there are present both “ tigh t” and “ loose” bonds and the latter account for 
the conductivity. As seen from Table 15 graphite has a Aaa of the same order 
as the other semi-conductors and is also strongly diamagnetic.
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9. T he  B e a r i n g  of t h e  P r e s e n t  R e s e a r c h e s  on t h e  T h e o r y  of

M e t a l l i c  Co n d u c t i o n

There are two main issues from our researches which we think are of impor
tance for the theory of metallic conductivity. The first is the phenomenon 
of increase of resistance in magnetic fields by itself. The second arises from 
the fact that the work provides a method of separating the additive and the 
ideal resistance from the total resistance usually measured, so that the pro
perties of these two resistances become more evident and have to be explained 
by a theory of metallic conductivity.

First we will discuss the law of change of resistance. On the hypothesis which 
we adopted as described in the first section, and Avhich seems to be well justi
fied by experiment, we must admit that the increase of resistance of a metal in a 
magnetic field is directly proportional to the first power of the applied magnetic 
field, both in a transverse and in a parallel field. This could not be observed 
previously owing to the fact that some disturbances similar to that produced 
by a magnetic field already exist in the metal, and to trace the linear law 
stronger magnetic fields have to be applied than those which account for the 
disturbance in the metal. Experiment shows that in most cases these magnetic 
fields are beyond the range covered by an electromagnet.

The theories for the change of resistance as given originally by J. J. Thomson 22 
and Ganz23 and more recently by Sommerfeld24 are based on the assumption 
that the paths of the free electrons are deflected in their motion in the magnetic 
field. They disagree with experiment in that they predict a square law and 
the actual effect calculated is too small to account for the experimental results. 
This shows that the phenomenon has a different source than the obstruction 
of the paths of electrons.

Before discussing the possible explanations of the phenomenon we must 
point out that there is an important experimental result which limits the scope 
of speculation, namely, that the disturbance produced by an outside magnetic 
field has to be similar in character to that produced by distorting the metal by 
strains or stresses or by introducing small quantities of foreign atoms. I t  must 
be pointed out that this inside distortion cannot conceivably be accounted 
for by an internal magnetic field, as this must be equal in magnitude to 
which in some cases reaches values above 100 kG, a value much larger than can 
be accounted for by internal fields of true magnetic origin.

Now let us take the modern view of metallic conductivity and examine one 
after the other the effects of the magnetic field on all the factors which deter
mine the resistance of the metal and which are likely to be affected by a magne
tic field. We take first the number of free electrons. I t  is easily seen that any 
alteration of the number is quite improbable, as in this case the transverse 
and the parallel fields would change the number of free electrons by the same 
amount and we should not have (3n >  /3p as observed. Secondly, in the recent 
works on electrical conductivity by Houston25 and Bloch26 the resistance 
of a metal is accounted for by the irregularity in the crystal lattice produced 
by the thermal agitation of atoms. I t  is very difficult, however, to suppose
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that a uniform magnetic field may have the effect of increasing the irregularity 
in a crystal lattice, particularly if wc consider a cubic lattice where the bonds 
with the neighbouring atoms are all similar and a magnetic field will affect 
them all equally, whereas we have seen that cubic metals like Cu, Ag, Au, 
Al, Cr, Mo, W change their resistance equally with the non-cubic ones.

Finally, wc are left with the possibility that the magnetic field affects the 
scattering power of each individual atom. This possibility has already been 
discussed in our previous paper on bismuth crystals.1 The main arguments are 
that it is known from the Ramsauer effect that the scattering power of an atom 
for the electrons depends upon the symmetry of its structure, and it is conceiv
able that a magnetic field will somehow or other disturb the symmetry of an 
atom and increase its scattering power. The increased scattering power of an 
atom will decrease the free path of an electron and thus increase the resistance 
of the substance. This point of view was used as a working hypothesis in our 
experimental work, and the main idea of this research was to see whether the 
action of a magnetic field is an atomic effect. I t  is evident that in this case it has 
to be connected with the structure of the atom which is determined by the 
position of the element in the periodic table. First we thought to find a justi
fication of our view in the periodic behaviour of /S as given on Fig. 33, but, as 
shown in Section 6 , the reason (3 follows a periodic law depends mainly on the 
periodic variation of the ideal resistance, a very interesting fact by itself, but 
irrelevant for the support of our view. The values which we really have to 
consider to characterise the change in scattering power of an atom in a magnetic 
field are the A aa, which define the absolute increase of resistance, per atom, 
produced by a field of 1 gauss. These values were given in Table 13 and, if we 
exclude the metals, namely, Hg, Ga and Mg, show a definite periodic behaviour. 
In each group of elements the values of A oa have the same magnitude which 
increases from the lighter to the heavier elements. The exceptions of Ga and 
Hg can be more or less explained by the unusual crystal structure, but it is 
more difficult to account for Mg. The greatest difficulty in interpreting the 
values of A oa lies in the fact that they are functions of the temperature, and a 
fair comparison can only be made when experiments are made at such low 
temperatures that the A oa ’s have reached their limiting values. If we consider 
the influence of the temperature on A oa in more detail it seems to indicate 
that at low temperature a periodic variation in A oa will be found. The results 
at present available seem rather in favour of our hypothesis.

Another point which supports the view that the change of resistance is 
connected with atomic phenomena lies in the fact that the elements of the 
transition group show very little change of resistance. The only exceptions are 
chromium, molybdenum and tungsten, which are also marked by some pecu
liarity in their atomic structure.27

There is no difficulty on the hypothesis under discussion in explaining the 
other phenomena observed in a magnetic field. The fact that the transverse 
phenomenon may differ in several cases from the parallel phenomenon can be 
accounted for by the fact that the scattering of an atom may differ for elec
trons moving along and perpendicular to the axis of magnetic disturbance.
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The vectorial character of h which produces the additional resistance can be 
explained from our point of view since, owing to the asymmetry of the lattice 
produced by strains or the presence of foreign atoms, the individual atoms are 
not symmetrically bound to their neighbours, and this asymmetry in the 
bindings produces a distortion of the symmetry of the atom itself, which is 

" similar to that produced by an outside magnetic field and can be added vec- 
torially to it.

The explanation of the additional or residual resistance, A R0, has also been 
attempted by Nordheim23 on the modern theory of electric conductivity as 
given by Bloch. 29 He suggested that the residual resistance is due to the distur
bance of the crystal lattice owing to the presence of foreign atoms, but it must 
be admitted that there are certain difficulties in this explanation, since it is 
difficult to suppose that a disturbance of the lattice may be vectorially added 
to an outside magnetic field, as we have already pointed out that a t present 
we have no evidence that a uniform magnetic field can disturb the symmetry 
of a crystalline lattice.

The last point to discuss is the ideal resistance R t, which is independent of 
the physical and chemical disturbances in the substance and for a given metal 
is a function of the temperature. This makes this value a very important one 
for any theory of metallic conductivity. We have not studied the exact way 
in which R t varies with the temperature, but it is evident from the comparison 
of its value at three temperatures for which measurements were performed 
(290°, 190° and 88°K), that at lower temperatures it drops very rapidly to 0 
(probably exponentially). The drop in the lighter elements is specially rapid, 
for example, as we see from Table 11, when the temperature changes from 
190°K (C02) to 88°K (liquid nitrogen), /f, diminishes in Mg by 40 times. In 
other substances it is less, Mo about 6, Al->5, Zn->4 and Cd3 times.

In Section 5 we showed that R £ at sufficiently low temperatures probably 
must diminish continuously to immeasurably small values when the substance 
is a supra-conductor. Although there is no evidence that this is not the case 
for all the normal metals, the present theory of conductivity seems not to be 
in agreement with such a behaviour. I t  is therefore important to point out 
that there is no necessity for a sudden jump in R{ for supra-conductivity as 
the jump which is observed is produced by a sudden disappearance of A R 0. 
The mechanism of this can be only understood when the increase of resistance 
produced by a magnetic field and the origin of the disturbances receive a com
plete explanation.

10. Co n c l u s i o n

In this research, as can be seen, we did not attempt to develop a very accu
rate method of study of the change of resistance in the magnetic field. Our main 
object was to make a survey of this phenomenon over the available elements 
of the periodic system so as to undertake at a later date a more detailed study 
of a few elements chosen properly with a definite working hypothesis and a 
clear view of the experimental requirements. I t  is evident from the present 
research that the phenomenon of the change of resistance in a magnetic field is
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much complicated by the irregular disturbances already existing in the metal, 
and the true simple phenomenon occurs only above 100,000 gauss, a region 
which can be attacked by our present method, but for a more accurate study it 
is desirable to reduce the initial disturbance to as small a value as possible. 
This can probably be achieved by using a very pure substance in mono-crystal
line form, and as already discussed it will be possible in several cases to reach 
the linear part of the change of resistance curve in weak magnetic fields obtained 
with an ordinary electromagnet. I t  is also evident that the greatest interest 
lies in researches at lower temperatures than have been used in the present 
work, in the region where R t =  0 and A oa reaches a constant value, and we 
must expect that such experiments will help us to form a more definite opinion 
about the mechanism of conductivity.

The hypothesis of the disturbing field seems to us in the present state fully 
justified by the experimental results, and offers quite a definite line for experi
mental researches, although there seems to be difficulty in bringing the experi
mental results obtained by this hypothesis into agreement with the modern 
theoretical views on conductivity.

I t is also important to note that other magneto-electric effects, like the Hall 
effect and others, may be revised from the point of view that the magnetic 
field acting in a metal is the resultant of two disturbing fields, one external 
and the other internal.

The experimental Avork throughout all this research has been carried out 
with the continuous assistance of Mr. E. Laurmann, to whom I Avould like to 
express my personal thanks.

I am indebted to Mr. J. D. Cockcroft for the correction of the MS.
My thanks are also due to Sir Ernest Rutherford for the kind interest he 

has shown during the progress of the work.
The Avork Avas all carried out in the Magnetic Laboratory Avith the support 

of the Department of Scientific and Industrial Research.
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19. MAGNETOSTRICTION AND THE PHENOMENA 
OF THE CURIE POINT*

1. I n t r o d u c t i o n

H eisen b erg ’s 1 theory of ferromagnetism claims no more than to show us 
the nature of the origin of this phenomenon—that is to say, where it will be 
found in the quantum-mechanical theory of a solid when the necessary compli
cated calculations can be made. He shows that it arises from the exchange 
degeneracy of the electrons in the different electronic systems of the lattice, 
and the modest claims he makes for his theory will be acknowledged by everyone.

In spite of the crude stage of present development, which we are not in a 
position to improve, we may perhaps be allowed to embroider a little round 
Heisenberg’s theme. In reflecting on his theory we have tried to see whether 
it can also provide a natural home for the associated phenomena of the Curie 
point and for magnetostriction. The thermal phenomena of recalescence has 
already been incorporated by Weiss2 in his theory. Since Heisenberg’s con
tribution is merely to explain the origin of Weiss’s molecular field, his theory 
will naturally be expected to account for the large change of specific heat on 
passing through the Curie point, which is the essence of the phenomenon of 
recalescence. We shall, therefore, merely call attention at a later stage to 
the origin of this extra specific heat and note how satisfactorily it fits into 
Heisenberg’s theory. On the other hand, there has hitherto been no theory of 
the relatively large change of volume on passing through the Curie point or 
of the phenomenon of magnetostriction, nor has any theoretical relation been 
traced between them. Both these effects, notably the former, are far too large 
to be explained by magnetic forces, just as the normal magnetic forces between 
the systems of the metallic lattice can only provide fields which are insigni
ficant compared with Weiss’s molecular field. I t is almost obvious that the 
exchange effects of Heisenberg’s theory of ferromagnetism must also explain 
these changes of volume. There is no reasonable alternative.

In his paper on ferromagnetism Heisenberg does not mention the phenomena 
of the Curie point or magnetostriction, which after all are secondary effects 
even if surprisingly large ones. For our purpose, therefore, we have worked 
again through Heisenberg’s calculation of the partition function for a magne
tised crystal, retaining terms which are irrelevant in his primary investigation 
because they do not depend on the applied magnetic field. We can then exa
mine theoretically in the usual way the size of the crystal as a function of the 
magnetisation. As a result wc think we may claim that the change of size

* R . H. F o w ler  and P. L. K apitza , Magnetostriction and the phenomena of the Curie 
point, Proc. Roy. Soc., A 124, 1 (1929).
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at the Curie point and magnetostriction will both fit satisfactorily into Heisen
berg’s theory. We cannot, of course, go beyond a very rough quantitative 
comparison.

I t  is proper, especially as our theory is only qualitative, that we should be 
able to describe in general terms, but precisely, the origin of these changes of 
size. This we think can be done as follows: Consider the interaction of two 
atoms, for example two normal hydrogen atoms, as developed by Heitler and 
London.3 At a given distance apart the system has two different possible 
energies, one corresponding to an attraction (at distances not too small) and 
the other to a repulsion. The difference of energy is large compared with the 
magnetic energy due to the spins. In this particular example the greater energy 
(the repulsion) corresponds to a wave function antisymmetrical in the electrons 
(ignoring their spins) and the other energy to a symmetrical wavefunction. 
The complete wave-functions must, of course, be antisymmetrical in the elec
trons, and therefore the greater energy corresponds to a solution symmetrical 
in the spins of the electrons and the lesser to an antisymmetrical one. Now 
consider a number of such pairs set parallel to each other in a magnetic field. 
The magnetic field will alter the distribution of the axes of the electron- 
magnets, and therefore the relative numbers of pairs which are symmetrical or 
antisymmetrical in the spins. I t  will therefore alter the average repulsion or 
attraction of the pairs, and that too by an amount out of all proportion to the 
direct effect of the magnetic forces corresponding to the magnetisation pro
duced. We cannot describe the details of the process in such a simple way when 
we have groups of more than two atoms in close interaction, but the effects differ 
only in complication and remain the same in kind. The magnetisation compels 
a new selection from the various possible energies of interaction, and this re
sults in comparatively large changes in the forces of attraction and repulsion 
at given distances, and so in changes of size in the magnetised crystal.

We proceed in Section 2 to a description of the results of Heisenberg’s theory 
carried through rather more completely in the way we require here. There is 
nothing substantially new in this section and any reader familiar with Heisen
berg’s paper may omit it, though we find it makes his theory easier to ourselves 
to present one important step somewhat differently. 2

2. A S u m m a e y  o f  H e i s e n b e e g ’s T i i e o e y  R e v i s e d  f o e  t h e  
C a l c u l a t i o n  o f  M a g n e t o s t e i c t i o n ,  e t c .

The essential feature of Heisenberg’s calculations is the construction of a 
partition function for a lattice of 2 n similar interacting systems, each containing 
one electron free to orientate itself, taking explicit account of the magnetisation 
exhibited by the various possible states. This partition function, if it could be 
calculated exactly, would, of course, contain within itself all the equilibrium 
properties of the metal. To see how the size of the metal depends on the mag
netisation one should strictly be able to calculate this partition function with 
some accuracy. We shall find that we cannot yet attain any such accuracy 
even when there is no magnetisation, but that, if we carry through the com-
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putation of the partition function as completely as possible with Heisenberg’s 
approximations, we can get far enough to elucidate the nature of the effects 
in question and to see that they fit satisfactorily into Heisenberg’s theory.

We group together all states which correspond to a given total electronic 
spin momentum of s hj27i(n s 0). All these states are associated with a 
particular partition of 2n, namely, 2 +  2 +  ... (n — s times) ... +  2 -f 1 +  1 
+  ... (2s times) ... +  1. All quantities associated with this partition are 
characterised by a suffix a. There are (allowing for Pauli’s principle) fa possible 
states with various energy values where

________2 n\
° (n + s) ! (n — s) !

__________2nl_______
(n +  s +  1)! (n — s — 1)! ( 1 )

We now neglect interactions except between the closest pairs, and assume that 
each atom in the lattice has z closest neighbours. Then the fa energy values 
of the states of the system of 2n atoms which correspond to a total spin of s 
units have a mean value Ea given by

o 2  —I— 71^

E„ = —z —— — J 0 + J-e + . (2)

J 0 and J e are the typical interaction integrals of the perturbation theory:

' • - T  / / *WkWkWiWi
2e2 2 e2
-------1-------

£2 e2 c2 e2 }
--------------------------- — dr*dT„ (3)rxl rn  rH \

where k, I refer to the two electrons and x, A to the two (neigbouring) nuclei, 
y> is the unperturbed wave-function for the specified electron near the specified 
nucleus and d r  is an element of the configuration space of the specified electron. 
J E is the straightforward statical energy of interaction of the 2 n systems which 
need not be more closely specified—it is necessarily positive. The last term 
E u is the energy contribution of the magnetic forces themselves. I t  is neg
lected here, but it must play a part in a complete theory and give the pheno
mena of large-scale magnetisation.*

To construct a partition function we require to know not merely Ea but 
(strictly) the whole set of fa energies belonging to a. In the absence of precise 
knowledge of this distribution Heisenberg assumes that they form an approxi
mately Gaussian distribution about E a with a mean square deviation A% 
(which can be calculated)

z J \ (n2 — s2)(3n2 — s2) 
4 n3 (4)

Thus the number of states belonging to a with energy between Ea +  x, and 
Ea +  x +  da; is assumed to be

fo
]l(2n)Aa

e -V2x>Mo'dx. (5)

* A step in the direction of such a theory (not in connection with Heisenberg’s theory) 
has already been made by Mahajani.4 He discusses with success the phenomena observed 
on the magnetisation of a single crystal of iron.
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Any one of these states is capable of 2s +  1 orientations in an external magnetic 
field H, with the corresponding magnetic energy

E' - — £ 
m* c

_h_
2jc

H m ( — s ^  m ^  s) . ( 6 )

We can now write down the complete partition function

n m = s
K  = Z  2m=-s

u
]/(2tt) Zl, 

On using the abbreviations

/ cxp

h H

E a +  x + E' 1 x2
k T 2

da:.

(X = l.m > @m* c 2n k T  

and evaluating the integral we find

2 J 0 
k T  ’

n m = s
K  =  Z  2  /» exp

ff = 0 m = -  s
n m-s

= 2 2  /a exp 
s=>0 m - -s

x exp

<x m +/J
s2 +  n2 

2n
Ê J_ A\

k T  2 k2 T 2

a. m  +
f is2 ft2
_ — s2(4n2 — s2)2n 8z n3

1 . 3 nfi2
2 ^ + ~ W - k T

i f  =  0(1)
m = n 
V

By certain transformations this is reduced to
2 n ! f B m2

----------— -------- — exp la to H— -—(n +  m)\ (n — m)\ r  } 2 n
[\  D Znfi2 J E )x e x p { - » ^  +  — j .

( 7 )

(8 )

(9)

( 10)

m2(4?i2 — m2)
8  2 ft3 }]

( 11 )

where 0 (1) denotes a factor not seriously different from unity, which makes a 
negligible contribution to In K  when n is large.

Before following Heisenberg in his next step it is wise to pause and examine 
the nature of the partition function K  which he has constructed. By (11) it 
is seen to be, for given n, a function only of a, ft, J r and T, that is of H, V, T  
and these variables alone. We know that In K  is equivalent to a thermo
dynamic function which in this instance is such that

P = k T  —  lnK, I = k T  —  InK,  (12)

I  being the total magnetisation.* These values are completely unambiguous. 
We could now safely follow Heisenberg in his next step, retaining, however, 
factors in which he was not interested. The step is to evaluate K  on the assump
tion that there is a sharp maximum in the terms of the series (11) near some

* See for example Fowler.5 The account of I  there given is based on a papers by Debye,6 
and is given explicitly for dielectric polarisation for which precisely the same theory is 
required. The corresponding magnetic theory is given by Weiss or Langevin.
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value m =  m0, using an elegant approximation and verifying subsequently 
that the maximum is sufficiently sharp. I t  is, however, almost as simple 
mathematically and more direct physically to evaluate (11) by direct attack, 
assuming that for values that matter m is sufficiently different from n to 
justify the use of Stirling’s theorem. This can be justified a posteriori.

We start therefore by writing the summand of (11) in the form exp[/(m)] 
or in full

exp
. m2 m2 (4 n2 — m2)

18 z n3
+  2n ln2 — {n -f- rn) In | l  +  —j —

— {n — m) In 1 ------
m
n

and finding its maximum value. Stationary values are given by the roots in 
m of the equation f  (m) =  0 , or

1 +  m/n 
1 — mjn ’ (13)

which is precisely Heisenberg’s equation

— =  tanh —
n 2

fi2 to3 1 
2 z

(14)

of which the roots are m =  ra0, say. There now follows the usual proof (which 
we leave to the reader) that there may be (a) one or (6) three real roots of (14) 
which correspond mathematically to (a) the maximum of the summand, 
or (b) the maximum, a minimum and a subordinate maximum of the summand. 
In  the latter case they correspond, of course, physically to the stable, an un
stable and a metastable state, the maximum (stable state) corresponding to 
the greatest value of m0 of the same sign as a. We are only interested here in 
this dominant root. The series is easily summed to the approximation required 
by replacing it in the usual way by

+ OO

exp / (m0) J  exp [ J (m -  m0)2 f" (m0)] d m ,
- CO

which is sufficiently nearly, written in full,

exp am» + M 1 “f +n 8 z n3
1 +  m j n  '

— m0 I n - -------- —
1 — ?n0jn

Therefore from (11) 

ln /f  =  2 n
2 n 4 i - £ n2

+  2 n In 2 — n In (1 —
m „
n*

1
+  1 6

fi2 m
IV

1— In ( 1 -------) -----— ln
n“

1 mn
n

1 +  In 1 *
1 — ynjn 4 ^

+  ln2 -

Sfi2 J B
2 n k T

(15)
16z
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Equation (15) looks far removed from Heisenberg’s formula, but on using 
(13) and (14) in the terms involving logarithms, it reduces at once to

InA =  2 n ln2 +  In cosh +  {3 [ l — +
L i \ \  Z J 7b

ft2
2 z n3

L b ( i 3 ^2 <  I 1 ff , 3 ft2
4 P \ z )  n2 16zn4 4 P + 16z 2 n k T y (16)

which is what Heisenberg would have obtained by his method of approxi
mation if he had kept all the terms in m0jn. I t  must be remembered that so far 
in all these formulae m0 is merely a parameter introduced for mathematical 
convenience and must be regarded as a function of T, V and If. I t  must 
strictly, therefore, be varied in any differentiation with respect to any of these 
variables, but from the method of construction of (15) or (16) based on (13), 
namely, / ' (m0) =  0 , it follows that

8 In K  
8 (m0/n) (17)

Such variations can therefore always be omitted, but this is hardly obvious 
unless the complete form of In K  is used. Equation (17) is not true for example 
of Heisenberg’s abbreviation, which makes this abbreviation somewhat 
obscure.

From the thermodynamic relation (12) and equation (15) for In K  we derive 
at one

I  = k T  m0 8<x
J h

m0
e h 

2 n m* c ’
(18)

which is, of course, Heisenberg’s result, that the magnetisation is m0 double- 
magnetons, where m0 is the proper root of (14). To fit the fact of the existence 
and position of the Curie point for iron it is necessary, as Heisenberg has shown, 
that should be positive and of order unity when the temperature is of the 
order 1000°K.

Now that we know the meaning of m0—that it represents in suitable units 
the natural saturation value of the magnetisation—we see that m j n  is the same 
as Weiss’ oja0 and is itself an important physical quantity, the ratio of the 
natural magnetisation to the limiting magnetisation of which the specimen is 
capable (at low temperatures or in very strong fields). I t  is probably wise to 
give this ratio a symbol of its own and we write

m j n  = C-

3. T h e  N a t u r e  op t h e  Cu r i e  P o i n t  a n d  t h e  Ch a n g e  
i n  S p e c i f i c  H eat  T h e r e

The nature of the Curie point of a ferromagnetic substance is well known. 
All the phenomena agree in indicating that a t temperatures below the tempera
ture of the Curie point the normal stable state of the material is the magnetised
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state, the magnetisation being given by the non-zero root of equation (14) of 
the Weiss-Heisenberg theory. Ordinary material which is apparently un
magnetised can only be unmagnetised in bulk. I t must consist of a collection 
of micro-crystals each fully magnetised but orientated at random, so that the 
large-scale magnetisation is zero. The actual state of the material probably 
corresponds closely to the theoretical magnetisation for the temperature in 
question in zero external field. At temperatures above the Curie point the 
normal stable state is unmagnetised on both the small and large scales and 
the material is merely strongly paramagnetic. Below the Curie point the state 
of zero magnetisation which exists is unstable and no doubt is not found in the 
microcrystals. What we call magnetisation in bulk at such temperatures does 
not therefore involve any fundamental change of state from zero to finite 
magnetisation among the microcrystals but merely a change of orientation 
in their magnetisation. This is accompanied by the steady growth of the 
effective external field applied to each of them, from zero for the apparently 
unmagnetised material to I j  V  +  H  ( =  H t , say) for the material magnetised
to the extent I j V  per unit volume. The so-called natural saturation value of 
I  is, of course, not the greatest magnetisation of which the substance is capable, 
but the fraction £ of this quantity—that is the stable magnetisation given by 
equation (14) for the temperature in question and the value of oc corresponding 
to Hi.

We are now in a position to study the energy content of the material for 
given a, so far at least as it depends on the terms involving the magnetisation. 
Note that it is the energy for given <x (usually tx = 0) with which we are con
cerned in the phenomena of the Curie point. We apply the general formula:

E = kT* —  \nK  (19)

to equation (15) or (16), and retain only the terms in £. Wc need only, in 
virtue of (17), vary T  where it occurs explicitly and in a and /?. The contribu
tion in which we are interested might be called E Y. Since

wc find

doc oc d(3 (3

J ¥  =  T  ’ ~ d ¥ = ~ Y ’

E i =  — 2n 1c T ( 20)

In the use of this equation £ must be determined from (14). If we consider 
one gram-molcculc of the substance, 2 n k  = R.

We follow Heisenberg’s wise example and attempt only to account for the 
broad outline of the phenomenon of the variation of specific heat near the 
Curie point. For this purpose it will be sufficient to establish the value of the 
discontinuity in Cv. When T  >  Tc and oc = 0, £ = 0, E x = 0 and therefore 
(C„)i = 0. When T  < Tc, £ > 0 and E { <  0, but as T->- Tc, E Y rapidly 
approaches zero. Therefore (C^b >  0. At much lower temperatures the main
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term in E i , namely, /3 T f 2 becomes constant and (Cv)\ should fall to small 
values, but the theory cannot yet extend so far. As T  -»■ Tc

{Cv)i - R T e - /S ( l  - 2 f a ) [dC2/dP]c. ( 21)

Since as T -> Tc,
/SCI -£/*)-►  2 ,

the first factor after Tc is approximately From (14) we find for the remaining 
factor

[d £ 2l 3
,d H e “* Tc

with the same sort of accuracy. Thus

i C ^ - R

to a rough approximation. We might expect it to be rather less. We may 
say that the theory requires a step down in Cv somewhat less than 3 calories 
per degree per gram-molecule as the temperature rises through the Curie 
point from below. The latest observations are

Substance A Gv calories per 
degree per gram

A Cv calories per 
degree per gram-atom 

of metal

Nickel (Ni) 0-0285 1-7
Magnetite (Fe30 4) 0-079 6-1
Iron (Fe) 0-122 6-8

Even these experimental values are perhaps open to some doubt; but they are 
certainly sufficiently reliable to show that while the data for nickel can fit 
into a theory containing one magnetisable electron per atom the data for iron 
do not. This, however, is what we should expect for the values of the com
pletely saturated magnetisation in nickel and in iron are given by Weiss as 
equivalent to 3 and 10 of his magnetons respectively; that is to |  and 2 Bohr 
magnetons. Heisenberg’s one-electron theory is adequate for nickel and the 
value of A Cv fits into the theory. For iron and magnetite a two- or perhaps 
a three-electron theory is required. This has not yet been constructed. But 
it seems clear that such a theory will only differ from the present in com
plication of detail and will give a value of A Cv per gram-atom metal twice 
(or three times) as great as the one-electron theory, in agreement with the 
observed values.

The thermo-magnetic effects observed by Weiss2,8 on magnetisation at any 
temperatures are, of course, mainly residual effects arising from the changes in 
E 1 consequent on changes in Hi, and so, via (14), in £. These changes in Hi 
may be due to changes in H  or in the large-scale magnetisation or in both.
C PE  11
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They have been fully discussed by Weiss and are mentioned here only for 
completeness.

4. T h e  Ch a n g e  of S i ze  at  the  Cu r i e  P oi nt

According to the theory of Heitler and London and J E should give to a 
first approximation the whole of the interaction of neighbouring atoms so far 
as it can be regarded as arising from the one electron per atom which we have 
allowed to be present. Since there are many more electrons per atom to interact 
many of which would not have magnetic properties we need not be surprised 
if the main interaction comes from terms other than /? which the theory has 
so far of necessity overlooked.

I t  is possible to make rough estimates; on account of the Curie point 
must be about 2 at 1000°K in iron, which means that J 0 must be about 1/50 
volt or z J 0 about 1 /5 volt. If the whole of the attractive forces were derived 
from /3 the energy of binding of the atoms in the lattice would also be of the 
order of 1/5 volt. There appears to be no data8 at all for vapour pressure or 
heat of evaporation of iron, or of metals of the iron group. Zinc has a latent 
heat of about 1-45 volts. Copper has a boiling point temperature more than 
twice that of zinc, so that its latent heat will be of the order of double that of 
zinc, say 3 volts. Experiments by Langmuir indicate 6 volts for the heat of 
evaporation of platinum and as much as 9 volts for that of tungsten. These 
values are no doubt higher than the value for iron. The boiling point of iron 
is close to that of copper, so that it appears to be safe to estimate the heat of 
evaporation of an iron atom at 3 volts. This is some 15 times the value which 
might be derived from our /?.

I t  appears therefore that we have omitted from In K  important attractive 
forces which are not concerned with the magnetic effects. Remembering the 
way in which the theory was initially simplified there is nothing surprising or 
contradictory in this. The extra terms should, perhaps, be regarded as arising 
from the interactions of other groups of electrons incapable of change of 
orientation. There is nothing in the size of the factor 15 which makes this 
impossible. Or perhaps the metal crystal should rather be regarded as a 
construct out of metal ions (with magnetic properties) and free electrons. 
These points future calculations must examine. In the meantime we shall 
not go far wrong in estimating from (15) changes of size in the crystal, if we 
retain the terms depending on oc and £ and replace the others by empirical 
terms, representing reasonably closely the true main structural forces.

We shall take the corrected In K  to be of the form

The terms in A and B  are those typical of the ionic lattice theory, but they will 
sufficiently represent the facts here. We may suppose to a sufficient approxi
mation that T A  and T B  arc independent of the temperature—that is, we are
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neglecting the heat motion of the lattice elements. The equation determining 
the size is

p = k T  —  lnK'(H, V, T) = 0. (23)

Above the Curie point in zero field we may take this equation to be equivalent

to Ajl _  *Li  = o
Vp F« ' (24)

Some way below the Curie point where £ is already fairly large it is equivalent 
to

A p
yp

B(i _
F« 8 V

1_
4 i - M W i XI T  — c1z ] 8 z =  0 , (25)

the ratio of A : B  : /? being unaltered to our approximation by the change of 
temperature. If A and B  are taken positive, the term A /V p represents the 
negative potential energy of the attractive forces and is of the order of the 
whole negative energy per atom, or some 15 times (3. Also q >  p. If <3 F is 
the increase in volume in the magnetised state, we find from (24) and (25) after 
reduction that

SV  1 / VdPIdV \ n  /
V q -  p \ - V  8(AV~P )/8V J [ 4 \  z r  8 z ^ (26)

The orders of these factors are fairly easily estimated, though, of course, not 
very closely. The first, (q — p), might be as large as 3, a fair mean value be
ing 2 . The second being the ratio of the F rates of variation of energy terms of 
similar origin is probably nearly in the ratio of the energies themselves, i.e., 
about The complete change of volume due to magnetisation on going 
through the Curie point should therefore be of the order jijg. The observed 
change of length in a wire appears to be 1 /300 to 1/600, and therefore the change 
of volume 1/100 to 1/200. I t  is important, however, to notice that the observed 
change is a contraction as the temperature rises through the Curie point, that 
is, as the wire is demagnetised. I t  is therefore necessary that 8(3/8 V >  0. 
This is somewhat surprising, though by no means impossible, for a range of 
values of F, that is, for a range of distance apart of the interacting atoms. But 
it is not possible to say more until more detailed calculations can be made.

This sign of 8fi/8 V makes /3 contribute to the repulsive forces between the 
atoms at metallic distances. I t  was, therefore, with the less regret that we 
concluded above that major sources of attractive forces had been omitted 
from the theory. I t  is impossible for /? to do both jobs! In this intriguing 
situation it is satisfactory that it is possible to check the sign of 8(3/8 V directly 
which can be done by observing the change of position of the Curie point 
under pressure or tension (that is, with change of volume), but no such experi
ment appears to have been reported.

We have mentioned above that the observed change of length of iron at the 
Curie point is between 1/300 to 1/600. We have little doubt that this is the 
correct order of magnitude, but accurate data do not seem to exist. The
11*
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phenomenon was recorded long ago by B arrett10 and it seems to be agreed on his 
evidence that there is a large change of length at the Curie point, but the only 
exact measurements we have been able to find are those of Charpy and Grenet.11

The curves they have obtained for the change of length could easily be 
interpreted as supporting strongly the estimate given above, but such an 
interpretation would not be fair. Their curves show also a large effect of 
impurities both on the temperature and on the magnitude of the main change 
of length, and the change usually occurs in such a way that the effect of the Curie 
point cannot be disentangled with certainty from that of the transition
point at a temperature some 100°C higher. I t  is only possible to test the 
theory if the extensometer readings are accompanied by magnetic observations 
so as to correlate the change of length exactly with the changes of magnetic 
state. Charpy and Grenet do give one such set of double observations which 
would provide an excellent confirmation of the theory, but they refer to a 
nickel-iron alloy Avhich might have more complicated properties. We must 
be content to point out the need for few measurements and the interest which 
would attach to them.

5. Ma g n e t o s t r i c t i o n

I t  appears never yet to have been pointed out that magnetostriction—the 
change of length observed on actually magnetising iron in bulk—must be 
related to the change of length at the Curie point in exactly the same way as 
Weiss’s thermo-magnetic effects are related to the change of specific heat at 
the Curie point. Both the Curie point phenomena are primary effects resulting 
from the change-over from the unmagnetised to the magnetised state on the 
microscale. Both the other phenomena arc residual or secondary effects due to 
the changes of magnetisation arising from changes in the external fields which 
act on the microcrystals. In discussing magnetostriction it is obvious that, at 
this stage it is only the order of the effect which wc can hope to account for, 
and then only for saturated magnetisation. The growth of the effect, as shown 
by the curve of change of length against magnetisation, must be a complicated 
phenomenon depending on the gradual switch over in the directions of magneti
sation of the microcrystals. The effect itself was shown by Webster12 to depend 
in magnitude and sign on the orientation of the magnetisation with respect 
to the crystallographic axes of the specimen. This also we cannot yet attempt 
to investigate.

Using now the value given above for the primary change of length near the 
Curie point, we may take (26) in the rough form

(3/ 1 _2
I 240 ; ’

for the value of £ corresponding to ordinary temperatures is about 0-9. Corre
sponding to a small increase in £ such as is due to Hi on magnetisation in bulk, 
we have then

=  7-5 x 10“3<5£.
I
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The value of <$£ is to be calculated from (14) as the result of a change da in a. 
We find

l eh  Hi 
4z7imc k T  '

At ordinary temperatures, T  =  300°K, we may assign the rough values 
25/9, 3/2, 1 to the terms in []. We then find

dc =  4-7 x 10-3,
d'l- -  =  3 -5 x  10-5,

v

an increase of length on magnetisation, in excellent agreement with the greatest 
value +2-0 x 1 O' 5 found by Webster.

The theory is not yet fit for any closer application.

6. R e m a r k s  on  t h e  I n t e r a c t i o n  of A toms  of Cl o s e d  Gr o u p s  of

E l e c t r o n s

I t  may perhaps be not without interest to conclude with some remarks about 
the structure of metals which arise from the requirements of Heisenberg’s 
theory. In the theory of the interaction of atomic systems the interaction 
integral J 0, with which we have been so much concerned here, plays a great 
part. For hydrogen and helium it is necessarily true that J 0 <  0, as was 
pointed out by Heitler and London.3 I t  is the sign of J 0 which determines 
the sign of the energy difference of the symmetrical and antisymmetrical* 
wave-functions. I t  is the negative sign of J 0 (coupled with a normal variation 
with distance) which compels two helium atoms to repel each other and makes 
helium an inert gas; for in normal helium the closed configurations of the 
electrons allow only of a wave-function antisymmetrical in certain pairs of 
electrons from different atoms, a solution of the wave equation which belongs 
to a positive interaction energy for negative <70. The same considerations no 
doubt hold for other inert gases, which consist entirely of closed configurations 
of electrons. We may certainly presume that they do so. But there is not 
the same necessity as for helium, in which the wave-functions of the normal 
state have no nodes. I t  is essential, however, that J 0 > 0 for a ferromagnetic 
substance, and Heisenberg has shown that this can occur if the principal 
quantum number n of the most lightly bound electrons is sufficiently large, 
probably if n 3. I t  appears to us that additional evidence for positive J 0 
can often be drawn from simple considerations as to whether or not the element 
in question exists at ordinary temperatures as a nearly perfect monatomic gas. 
The arguments of course only apply to atoms with closed configurations of 
electrons, but there are many of these besides the inert gases. The normal 
free atoms Be, Mg, Ca, Sr, Ba, Zn, Cd, Hg, Pd, Pt, are all known to have this

* Throughout this section symmetrical or antisymmetrical arc used to mean “symme
trical or antisymmetrical in the space coordinates of the electrons”. When the spins arc 
included the complete wave-functions are, of course, all antisymmetrical.
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property. We believe that we may conclude that J 0 is positive for the inter
action of a pair of normal atoms of any one of these elements, for otherwise the 
element would be able to exist (at least as an alternative) as a monatomic gas 
at ordinary temperatures. Mercury is the most doubtful. Its properties suggest 
that J 0 is positive but exceptionally small. I t  is not suggested that this evidence 
is conclusive, for the fact that Be, . . ., Ilg are not observed freely as mon
atomic gases might be due not so much to the sign of J 0, i.e., to the effect of 
interactions in gas collisions as to the catalysing effect of the walls of any 
container. I t  is well recognised too that the molecular state of least energy 
may arise from the combination of excited states of the atoms.13

The most interesting examples of the group are palladium and platinum, 
for these normal atoms consist of closed configurations in exactly the same sense 
as the normal atoms of an inert gas, yet they are metals instead. For example, 
xenon has the grouping 2, 8 , 18, 18, 8 ; and palladium 2, 8, 18, 18. There is 
the important difference that the normal state of an inert gas is removed from 
the nearest excited state by a much larger energy step than in palladium, but 
it is difficult to resist the speculation that two normal palladium atoms, unlike 
two normal atoms of an inert gas, can form a molecule because J 0 is positive, 
and that for the same reason the molecule can proceed, by addition of further 
atoms, to construct the crystalline metal.
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20. METALLIC CONDUCTIVITY AND ITS CHANGE 
IN A MAGNETIC FIELD*

T h e  specific conductivity of a metal is one of the physical constants strongly 
affected for a given metal by a number of factors. In the first place it depends 
on temperature, and in the second place on the physical state of the metal, 
namely on its crystal properties. I t  may also be affected strongly by the pre
sence of even negligible traces of impurities, then by pressure, tension that is 
produced in the metal and, finally, also by the action of a magnetic field. Whence 
the complicated character of the phenomenon of electric conductivity is evi
dent. This is probably the main reason why the theory of electric conductivity 
is a t present far from being definitely formulated.

In this work it is shown how much the understanding of the mechanism of 
conductivity may be improved by studies on the effect of strong magnetic 
fields on the conductivity.1

The magnetic fields applied in these investigations were of the order of
300,000 gauss, and were produced by a method which was devised by the 
author a few years ago.2 A generator specially designed for this purpose emits 
an electric pulse of several thousand kilowatts during a hundreth of a second 
through a coil in which the field is produced. The basic feature of this method 
consists in that the heating of the coil, which would already at loading lasting 
a 1/4 second get completely melted, is here reduced. Naturally, it was necessary 
to elaborate special methods of measuring and observing for this small time 
interval. This was made possible by the considerable augmentation of the 
magnetic phenomena observed in these fields.

The phenomenon of the increase in the resistance was known already long 
ago, and was first found by Lenard in bismuth and later by other investigators 
in a number of other metals, although to a much lesser degree. The change in 
the resistance was obtained with a usual electromagnet producing a field up 
to 40,000 gauss. I t  was very small and in general difficult to measure. In the 
magnetic field used by the author this change is much larger and obeys another 
law than in weak fields.

As stated by Patterson , 3 Robertson, 4 Laws5 and Grumnach, 6 in weak 
magnetic fields in all metals investigated with the exception of the ferro
magnetic group (nickel and iron) the resistance increases proportionally to the 
square of the magnetic field, namely

A R
~“/T « IP,

* P. L. K a p i t z a , Die metalliache Leitfiihigkeit und ihre Veranderung im magnetischen 
Feld, M etalliv irtschaft, 10, 443 (1929).
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where the constant a  is of the order of 10 ~12. In cadmium in stronger fields of 
about 20-30 kG Grumnach observed a deviation from this quadratic law to a 
linear one. The same was observed in bismuth by a number of other investiga
tors. The studies carried out by the author on about 35 different metals in 
strong magnetic fields have shown that the increase of the resistance in all 
metals first obeys the quadratic law, but that in stronger fields it changes 
simply proportionally to the magnetic field. In most wire-shaped substances

Magnetic field, kilcgauss 

Fig. 1

this alteration from the quadratic to linear law begins between 60 and 150 kG. 
A characteristic curve showing the change in the resistance of copper wires is 
given in Fig. 1 as curves 1 and 2. On the ordinate there is plotted the relative 
increase AR/R  in the resistance, while on the abscissa there is plotted the 
field in kG. Both curves refer to low temperatures (liquid nitrogen), and from 
them it can be seen that in a field of 300 kG the resistance increased by nearly 
50 per cent.

Studies have also shown that in comparing the results obtained for different 
samples of the same metal a strong dependence of the resistance change on 
impurities in the metal is manifested. Impurities always reduce the change in 
the resistance, and the presence of even 0T per cent of alien metals reduces
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already to a considerable extent the rise of the resistance. For this reason and 
in order to get the true law of the change in the resistance, the purest metals 
were used.

As observed already by others, the phenomenon of the increase in the 
resistance is strongly dependent on temperature. The relative increase in the 
resistance rises very rapidly with decreasing temperature. I t  appears to us 
that the most interesting fact is that the phenomenon is strongly affected by 
the physical state of the metal. Two samples of copper wire, one of which being 
tempered and the other drawn, show that a stronger change in the resistance 
occurs in the case of the former sample. The results of investigations on copper 
wires tempered to different degrees can be seen in Fig. 1. Curve 1 of the drawing 
was obtained with strongly tempered copper wires, and curve 2 with drawn 
wires. As is seen, the main difference between these two curves lies in the fact 
that the alteration from the law of the quadratic dependence to that of linear 
dependence occurs in drawn copper wire only in fields stronger than in the 
case of soft wire. However, after reaching the linear part the relative change 
in the resistance becomes the same in both cases. The same phenomenon 
was observed also in a number of other metals investigated (Ag, Au, Al, Cd, 
Pt). This led to a hypothesis according to which the quadratic part of the rise 
of the resistance is to be ascribed to perturbations which are already existing 
in the metal. The ideal law is of a linear trend, and only these perturbations 
prevent it from showing up. In a drawn copper wire, in which tension gives 
rise to a deformation of individual micro crystals, the perturbations are more 
pronounced, owing to which the linear dependence is more masked.

On the basis of these considerations it was possible to work out a theory in 
which the specific resistance of a metal was assumed to consist of two 
parts: the ideal resistance crt- and an additional resistance A a which arises from 
internal perturbations similar to those produced by an external magnetic field. 
In measuring the resistance in a magnetic field the increase in the resistance is 
a combination of the effect of the internal tensions and that of the external 
magnetic field, and this combined effect gives a quadratic law. In stronger 
magnetic fields, in which the internal perturbations are small in comparison 
with the external magnetic field, the increase in the resistance is to be ascribed 
practically only to the magnetic field, and so the linear dependence takes 
place. On the basis of this hypothesis a formula expressing very well the 
experimental results can be deduced. I t is clear that on this assumption it is 
possible in given metal to separate the ideal specific resistance from the additio
nal one. In order to show this, the same two curves as in Fig. 1 are drawn in 
Fig. 2, with the difference that not the relative change of the resistance but 
the specific resistance a of each of the two wires is plotted on the ordinate. 
We may see from curve 2 that the drawn copper wire shows in the beginn
ing a higher specific resistance than the tempered wire of curve 1. However, 
in the region of stronger fields both specific resistance begin to decrease and 
approach a common asymptote, as indicated by the dotted line. I t  can 
be shown that our hypothesis under the assumption of an unperturbed 
metal leads to the law of a linear change in the resistance. The point A in which
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the asymptote crosses the ordinate gives us the ideal resistance aL for copper. 
From the drawing it is also seen that the additive resistance A er2 of the hard 
wire is larger thanZl of the soft wire. This accounts for the well-known fact 
that a drawn copper wire has a higher specific resistance than a tempered one.

Magnetic field, kilogouss

Fig. 2

I t  was experimentally established for different metals that the ideal specific 
resistance so obtained, has the same value in different samples at a given 
temperature. I t could also be shown that small quantities of impurities affect 
mainly the additive resistance and not the ideal one. Thus the measurement 
of the change in the resistance in strong magnetic fields provides a method of 
determining at a given temperature in a given metal its ideal specific resistance 
which is independent of irregular and random effects arising from chemical 
or physical phenomena. This ideal resistance is a function of the temperature 
only.

The separation of the resistance of a metal into two parts, the ideal and the 
additive one, was conjectured already from studies on the change in the 
resistance of a conductor with temperature. The resistance of the metal wras 
found to decrease with decreasing temperature, but at 20°K a constant value
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is reached which is, according to Kamerlingh Onnes, called the residual 
resistance. This residual resistance is affected by the physical and chemical 
state in the same way as the additive resistance inferred from the change in 
the values of the resistance. I t increases for drawn or impure metals. The 
resistance which was obtained by Nernst and Kamerlingh Onnes by subtraction 
of this residual resistance from the resistance of the metal at some given 
temperature is similar to that which we call the ideal resistance, and which 
remains the same for different samples of the same element. A close comparison 
of the residual and additive resistance has shown that the two arc identical. In 
measuring the change of the resistance in magnetic fields at different tempera
tures it was found that the additive resistance is practically independent of 
the temperature. In comparing the absolute values of the additive and residual 
resistance it turned out that these are in agreement. On this assumption one 
of the most interesting phenomena of conductivity, namely the superconduc
tivity discovered by Kamerlingh Onnes, finds the following explanation. In 
certain metals, such as lead, mercury, indium and so on, Kamerlingh Onnes 
found the resistance to fall abruptly down to zero at an absolute temperature 
of a few degrees. Since here the limiting value of the resistance seems to be 
identical with the additive resistance arising from perturbations, the super
conductivity means none other than the disappearance of this additive resis
tance. This leads us to the important conclusion that the superconductivity 
represents not only a characteristic phenomenon of the metals mentioned 
above, but exists in all metals and is only masked by the additive resistance 
which in most metals at the available low temperatures does not vanish. From 
our standpoint the origin of the additive resistance differs from that of the 
ideal resistance. I t  arises mainly, if not completely, from structural and chemi
cal imperfections of the metal conductor, whereas the ideal resistance depends 
only on the temperature, and in cooling vanishes continuously but very 
rapidly for all metal conductors, so that at sufficiently low temperatures it 
assumes immeasurably small values. Hence the main cause of superconduc
tivity lies in the mechanism of the disappearance of the additive resistance. 
From this standpoint one can also explain the shift of the critical temperature 
of superconductivity towards lower temperatures in applying a magnetic field 
or mechanical loadings to the conductor.

The phenomenon of the disappearance of perturbations is for the moment 
difficult to explain, since the mechanism of perturbations due to physical and 
chemical imperfections of the substance is still insufficiently elucidated.

From our point of view the resistance of an ideal unperturbed conductor has 
to increase in magnetic fields. The electronic theory of conductivity gives, as 
shown by Sommerfeld,7 a quadratic law, but the calculated value is much 
lower than the presently observed one. These theories are based on the assump
tion that the electron orbits in a magnetic field become distorted. This phenome
non probably also exists, but is of a secondary nature, and differs from what 
we have observed. The most recent assumptions of Bloch8 and Peierls9 that 
the phenomenon may be accounted for by a direct effect of the magnetic field 
on the electrons seem to lead to a quadratic law and to be also inadequate.
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Therefore, there is a t present no theory by which the phenomenon could be 
explained, but the author has assumed that we are dealing here with a problem 
of atomic nature as, for example, in the rise of the scattering ability of atoms 
when these are disturbed by a magnetic field. If this conception is correct, 
then a well-defined relation must exist between the structure of the atoms and 
the rise of the resistance. In order to corroborate this assumption it was tried 
to establish whether there is a definite relation between the increase in the 
resistance and the position of the element in the periodic system. The quantity 
which characterises most accurately the rise of the resistance is not the relative 
change ARjRi  in the resistance as at lower temperatures; in so far as R t is 
infinitely small, this value is for all elements infinitely large. Hence instead 
of this we chose Aaa, the absolute increase in the resistance calculated per 
atom or per elementary cell of the crystal lattice of the metal. This absolute 
increase in the resistance is also to a certain extent affected by the temperature, 
but probably reaches a limiting value at a temperature sufficiently close to the 
absolute zero. These investigations are at present still not extended to lower 
temperatures, such as the temperature of liquid nitrogen, so that only a very 
rough comparison is possible. However, it seems that within each group of 
the periodic system Aaa has the same value and gradually increases from 
lighter to heavier elements. The first group of elements gives the lowest zl aa, 
and in other groups this quantity is larger. The elements of the transition group 
(tantalum, vanadium, zirconium and others) show a very small rise of the 
resistance, with the exception of the three elements chromium, molybdenum 
and tungsten, which show a considerable increase in the resistance. The 
group of the elements arsenic, antimony, bismuth, carbon, germanium and 
tellurium, which have an irregular crystal structure give, particularly tellurium, 
an exceptionally pronounced absolute increase in the resistance. A closer 
consideration of these elements allows one to conjecture that in this case the 
phenomena are probably of a more complicated nature, although they seem 
to obey in general the same law as most metals. We see thus that the existence 
of a periodic relation is suggested, but still a number of investigations now in 
progress are necessary to derive d e fin ite  conclusions.
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21. A PROPERTY 
OF SUPERCONDUCTING METALS*

Mb. B abtlett brings up in his letter1 a very interesting view to explain the 
disappearance of the residual resistance at the threshold temperature in supra - 
conductors. As this residual resistance is produced by impurities or structural 
imperfections, it is suggested that it can be short-circuited by the perfect 
(healthy) paths of the conducting metal, which suddenly acquire an abnormally 
high conductivity of quite a different order from that observed in ordinary 
metals.

This picture, however attractive it is a t first glance, presents some difficulty 
on comparison with experimental data. If we take, for example, the measure
ment by Meissner2 of the resistance of very good crystals of gold, cadmium, 
and zinc, in which the residual resistance is many times smaller than in ordinary 
wires, this makes it possible to estimate the value of the ideal resistance at a 
low temperature more accurately, and it appears that at 4-2°K the ideal 
resistance cannot be of a greater order than 10~6 of that observed at 273°K, 
and if we extrapolate the ideal resistance to T3°K, we find it to be less than 
10~7 or 10"8. Only the upper limit can be fixed from present experiments, and 
the actual ideal resistance may be any number of times smaller. This order 
for the upper limit of resistance corresponds to that fixed by present measure
ments for all supraconductors (except lead, where it was proved to be less 
than 10~12). Thus there is no experimental evidence “ that the supraconduc- 
tive resistance is of any entirely different order” from the ideal resistance of 
a metal at a correspondingly low temperature.

According to Mr. Barlett’s view, this low ideal resistance of the healthy 
spot of the crystal must short-circuit the bad spots which contribute the 
additional resistance even for non-supraconductors, and this does not agree 
with experimental evidence; for most of the metals the additional resistance 
remains practically constant in the range of the lowest temperature. On the 
other hand, McLellan, Niven, and Wilhelm3 find that although 2 per cent of 
cadmium added to lead increases very much the residual resistance, the lead 
still remains a supraconductor. In this case it seems to me there is very little 
room left for the healthy undisturbed crystal lattice, as in a line of atoms, on 
an average a cadmium atom will be separated by only 3 or 4 atoms of lead.

The sketch of the theory of Mr. Bartlett is very interesting, and it will be 
most important to see it worked out and tested by experiment. I t  seems to me 
that at present the greatest difficulty which meets any theory of supra- 
conductivity is to account, not for the high value of the conductivity, but for

* P. L. K a :titza , A property of superconducting metals, Nature, 123, 870 (1929).
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the suddenness of the phenomenon. This is especially difficult, since the 
experiments definitely indicate that no structural or thermal phenomenon 
occurs at the threshold temperature, and I  fail to see how Mr. Bartlett accounts 
in his theory for the suddenness of the appearance of supraconductivity. In 
any event it is evident that, according to his views, the mechanism of supra
conductivity must take place in the healthy paths of the metal, and we must 
expect that the threshold temperature will be independent of the kind of 
impurity and a constant for any given supraconductor. This does not seem to 
be strictly the case; for example, in indium in different specimens the threshold 
temperature was found to be different.4

On my view, which was supported by the evidence obtained in experiments 
on change of resistance in magnetic fields, the phenomenon of supraconductivity 
is accounted for by the sudden disappearance of the disturbances produced 
by imperfections in the metal which are the reason for the additional resis
tance. The advantage of this view is, first, that as the change must take place 
only in local spots in the metal, no change in the general state of the metal 
will be required as actually observed (possibly, if the impurities amount to 
several per cent, such a change may be experimentally traced). Secondly, we 
should expect that the threshold temperature would vary with different 
impurities introduced in the metal. I t  is evident that on this suggestion it is 
practically inevitable that all metals at low temperatures will become supra- 
conductors, if the influence of the impurity can be eliminated. I do not think 
that there is any experimental evidence that the supraconducting metals 
form a separate group of elements like the ferromagnetic group or are excep
tional in some other ways. We find the supraconducting metals in four groups 
of the periodic tabic. They have cither a cubic or most irregular lattice, some 
of them belong to the transition group of elements, and we have amongst 
them the metals of the highest and lowest melting point. All the special 
relations between resistance and temperature for supraconductors pointed out 
by Mr. Bartlett are found by a more minute analysis of experimental data to 
apply also to some non-supraconductors. The special significance which Mr. 
Bartlett attaches without any theoretical justification to the fact that all 
supraconductors have a characteristic temperature below 243°Iv, probably is 
no more significant than the fact that the atomic weight of every supra
conductor is higher than the 115 of indium, because this happens to be the 
lightest supraconductor.

Finally, the very important recent discovery made by de Haas5 that the 
eutectic alloy of gold and bismuth can become a supraconductor, must be 
considered very carefully. The details of the experiment are not vet known, but 
from the point of vicAv I am defending, the explanation of the phenomenon 
may be that in a mixture of gold and bismuth one of the metals absorbs more 
readily the impurities of the other, and this purification may be of such a 
nature that it allows one of the components to become a stipraconductor.

All these considerations, no doubt, cannot be regarded as final proof of my 
suggestion, but they oiler a definite application of the hypothesis and give a 
quite fresh experimental line of attacking the problem of supraconductivity.
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22. MAGNETOSTRICTION OF DIAMAGNETIC 
SUBSTANCES IN STRONG MAGNETIC FIELDS*

T h e  change in shape of a body, when magnetised, may be accounted for by 
two causes. First the stresses produced by the magnetic forces act on the 
magnetic poles of the magnetised body. This effect, which we shall call the 
classical magnetostriction, is in a given magnetic field completely determined by 
the magnetic susceptibility and the elastic constants of the body. In general it 
will result in a contraction for diamagnetic substances and an expansion for 
paramagnetic ones. The classical magnetostriction is very small even for a 
strongly diamagnetic substance like bismuth, where dl/l in a field of 300 kG 
is only 1-3 x 10~6. I t  is evident that the discovery of an effect of this order 
would amount to a verification of the classical theory of magnetisation and 
would afford no new information on the property of the substance.

On the other hand, in a sufficiently strong magnetic field we must expect 
another phenomenon to happen, namely, an observable change of the shape 
of the body which is due to the distortion produced by the field on the binding 
forces between the atoms. This we shall call the atomic magnetostriction. After 
the modern picture (Heitler and London) of the homopolar binding forces 
which are essentially of an electrodynamical origin, such an atomic magneto
striction must occur in metals and other homopolar substances. The question 
is only of the magnitude of the phenomena, which probabty must be small as 
it has not yet been observed in dia- or para-magnetic substances in weak 
magnetic fields.

To find whether such magnetostriction occurs in strong magnetic fields, such 
as are available in our laboratory, 1 a special method has to be developed, 
since the field can be produced only for a very short time, during which the 
experiment has to be performed. We were successful in devising a method 
which enabled us to observe changes of length of the order of 10~7 occurring 
in a rod, placed in the coil parallel to the lines of magnetic force, the duration 
of the field being about a hundredth of a second and its magnitude up to 300 kG. 
This method proved to be very accurate, since, when the experiment is per
formed in one-hundredth of a second, the disturbances produced by accidental 
thermal variation in length of the rod are negligible.

The first substance which was investigated was an extruded bismuth rod, 
and it showed a small contraction which was only slightly larger than that 
expected on the classical magnetostriction. But when the bismuth rod was 
grown in a crystal a larger clfect was easily observed, which could be due only

* P . L. K a p it z a , M agnetostriction  of d iam agnetic  substances in strong m agnetic  fields. 
Nature, 124, 53 (1929).
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to the atomic magnetostriction. A more detailed investigation showed that, 
when the trigonal axis was parallel to the field the rod expanded; when the 
axis was perpendicular to the field the rod contracted. The contraction and 
expansion in the same magnetic field are practically equal, so that in an ex
truded polycrystalline rod they compensate each other, and this accounts for the 
absence of the effect as observed with this rod. We were also able to trace an 
atomic magnetostriction in other diamagnetic substances besides bismuth, but 
the effect was about ten times smaller and more difficult to study. We have 
therefore chosen bismuth as the first to be studied more carefully. The ex
periments are still in progress, but it seems clear that a t room temperature the 
contraction and elongation vary according to a square law Avith the field, and 
in a field of 300 kG the length changes by 5 x 10"5 (larger than is observed 
in ferromagnetic substances). The temperature has a strong effect, and at the 
temperature of liquid nitrogen the atomic magnetostriction increases several 
times.

These results explain why the previous attempts to find magnetostriction in 
bismuth failed.2 In this experiment the largest field used Avas only 3 kG, so 
that even Avith a crystal of bismuth the magnetostriction Avill be only 5 x 10~9, 
but actually as polycrystalline rods Avere used, the effect will be only of the 
order of 10~10, and this is too small to be measured.

The general picture of the phenomenon appears to be as folloAVs. The cell 
of a bismuth lattice is very similar to a cube slightly pulled out along one of 
its long diagonals, Avhich coincides with the trigonal axis. In a magnetic field 
apparently the cube becomes still more stretched in the same direction.

From the general theory of magnetostriction3 Ave must necessarily expect 
that such a deformation of the lattice if produced by pressure will result in an 
increase of the diamagnetic susceptibility perpendicular to the crystal axis 
and in a decrease along the axis.

The main physical interest of the phenomenon is that it may conceivably 
throw more light on the nature of the homopolar bonds. At present, from the 
general aspects of the phenomenon in bismuth, it is probable that under the 
influence of the magnetic field the bonds between the atoms Avhich lie farther 
apart weaken, Avhilst those of the closer atoms are strengthened. If this vieAV 
is correct, Ave must expect to observe larger atomic magnetostriction in the 
substances Avhere the atoms are not symmetrically bound, such as tin, tellu
rium, graphite, and others.
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23. THE CHANGE OF RESISTANCE OF GOLD 
CRYSTALS AT VERY LOW TEMPERATURES 

IN A MAGNETIC FIELD AND 
SUPRA-CONDUCTIVITY*

( C R I T I C A L  R E M A R K S  R E G A R D I N G  T H E  R E C E N T  W O R K  
OF M E I S S N E R  A N D  S C H E F F E R S )

Abstract. In the present work the experimental results obtained by 
Meissner and Scheffers for the change of resistance in a magnetic field of gold 
crystals at the temperatures of liquid nitrogen, liquid hydrogen and liquid 
helium are discussed. A criticism is given of the way in which Meissner and 
Scheffers have interpreted these results, and found them to be in contradic
tion to some theoretical suggestions made by the author in his paper on a 
similar subject.

It has been shown that by interpreting the results of the experiments with 
the original formulae of the author a full confirmation of his theoretical 
assumptions is obtained.

An answer is given to the critical remarks of Meissner and Scheffers on the 
author’s suggestion as to the origin of supra-conductivity.

In  a paper published last year the author1 described a systematic research 
on the change of resistance which occurs in a number of metals in strong 
magnetic fields. As a result of these investigations the following formulae 
expressing the relative change of resistance A R /R 0 with the field H  were found
to hold:

and

A R
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where /?' and IIk are constant for a given sample of a metal and at given 
temperature. These two expressions form a continuous curve, and it is evident 
that the formula (1) which holds for the weaker fields, shows that the resistance 
increases as the square of II, and formula (2) indicates that the change of 
resistance in strong fields approaches a linear law. These ttvo formulae have 
been obtained mathematically on the following assumption. I t  is known that 
in a metal which is not in a perfect crystalline state, and which contains even 
small traces of impurities, there exists a disturbance which increases its specific 
resistance. My hypothesis was that a magnetic field increases the specific 
resistance in a similar way to these imperfections, so that they are equivalent

* P . L. K a p it z a , T he change of resistance of gold  crystals a t  very  low  tem peratures in 
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to an internal magnetic field IIk, orientated at random. Then, if the metal is 
brought under the influence of an outside magnetic field H, the increase of 
resistance is such as would be produced by a combination of the two fields. 
Further, I  assumed that the increase of resistance is proportional to the 
magnetic field, and this led to formulae (1) and (2 ) which appear to fit all my 
experimental results very well. Several important consequences follow from 
this hypothesis.

First of all, if instead of using a metal in the form of a wire, as was done in 
most cases in my investigations, a crystal made of very pure metal is taken, 
we should expect that a linear law of change of resistance would appear at much 
smaller magnetic fields and could be observed in fields obtained by ordinary 
electromagnets. For instance, for the best gold crystals at present available 
I  estimated for Hk the critical field 3 kG, whereas for gold wire in the best 
condition I found it to be not less than 60 kG. I t  is also evident that if the 
perfection of the crystal is still further improved we may expect, in an ideal 
one, to obtain finally a linear law of change of resistance,

A R /R 0 = / ? '/ / .  (3)

Secondly, an important consequence of my hypothesis is that the disturb
ance produced by the structural imperfection of the lattice increases the 
specific resistance of an ideal metal by a value A R0, which I call the “ additional 
resistance.” This is equivalent to an increase of resistance produced by a 
magnetic field of strength IJk orientated at random. The numerical value of 
A R0 can be easily obtained from formulae (1) and (2) if the values of /S' and Hk 
are known from experimental results. Actually we obtained:

A R 0/R0 =  (3' Hk. (4)

The geometrical representation of the value of A Rq/R0 can be obtained if an 
asymptote is drawn to the curve given by formulae (1) and (2 ), when the nega
tive length of the axis of ordinates which this asymptote cuts is equal to A R/R0. 
In the region of temperature of my experiments the A R0 so obtained proved 
to be constant for a given wire, and when A R0 is subtracted from the total 
resistance R of a given sample of the metal, the remaining part R id gives the 
ideal specific resistance which is constant for a given element at a definite 
temperature. Further A R0 increased with the structural imperfection of the 
sample of the metal, and it appeared from the experimental data that the 
values of A R0 were of the same order of magnitude as the residual resistance 
which we should expect if the wire were cooled to a temperature close to 
absolute zero. This led me to the suggestion that the additional and residual 
resistances are identical.

In a recent paper, Meissner and Scheffers2 have given an account of a very 
valuable research on the change of resistance in a magnetic field for gold 
crystals at a low temperature, with a view to examining the important questions 
to which we have referred. Meissner and Scheffers in the interpretation of 
their results came to the conclusion that a detailed agreement with my hypo
thesis is not established, although some general features of the linear law of
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resistance are correct. As I cannot agree with the way in which the results 
have been represented and interpreted by Meissner and Scheffers, I propose 
in the present note to show that the same results looked at from a different 
point of view from that of Meissner and Scheffers may be regarded as giving 
a good support for my hypothesis.

Meissner and Scheffers have investigated three samples of gold—Aun and 
Au5, both crystals, and a gold wire Aun . The experiments were made at 
the temperature of liquid nitrogen (78-5 K), at the temperature of liquid 
hydrogen (20-4 K) in a magnetic field up to 12-5 kG, and at a temperature of 
liquid helium in a field up to 0-6 kG. The results are given by curves in which 
the magnetic field is plotted on the axis of abscissae, and the relative change of 
resistance, on the axis of ordinates. In their representation of the experi
mental results Meissner and Scheffers relate the increased A R to the resistance 
R0 to a temperature of 0°C, thus differing from my representation, where I 
relate it to the resistance at the temperature of liquid nitrogen. Actually it 
is not important in the discussion of the results, but to avoid confusion in all 
the formulae I will keep to the Meissner and Scheffers determination of the 
change of resistance, and in order to differentiate between the values of (3 used 
in my previous paper and the ones now used, I will denote the present values 
by /?'. Some of the curves of the experimental results of Meissner and Scheffers 
are represented in Figs. 1 and 2. The points have been copied photographically 
from the paper of Meissner and Scheffers and are marked everywhere by small 
circles.

From these curves, especially at the temperature of liquid hydrogen (Fig. 2), 
it is seen that the general features of the shape of the curve agree with the 
shape of the curve to be expected from my formulae (1) and (2). After an 
initial bend the curve gradually straightens out. In order to interpret these 
curves Meissner and Scheffers prefer, for reasons which are not clear to me, to 
use a different formula from mine, namely, they assume that the change of 
resistance follows a hyperbolic law which, if expressed in the constants used 
in formulae (1) and (2 ), will be

ARIIl0 = (3'(]/(Hz + HI) - / / , ) .  (5)

This formula will also give a linear law when H is very large compared with IJk 
and a square law when H is very small.

In spite of the fact that formulae (2) and (5) will ultimately give the same 
asymptote, there is a marked difference between the formulae, as the values 
obtained by formula (5) will always lie above the values obtained by (1) and
(2), and also the formula of Meissner and Scheffers will tend to the asymptote 
much more slowly than mine. If from the experimental curve we try to deduce 
the values of Hk and /3' by using formula (5) and formulae (1) and (2), we shall 
only then obtain similar values when the experimental curve covers a range 
in which the maximum value of / /  is very large in comparison with l lk. When 
this condition is not fulfilled, as happens in most of the present experiments, 
the results obtained from my formulae and those of Meissner and Scheffers 
may differ very considerably.
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In the first place we shall discuss the experimental results for the gold 
crystal Aun , assumed by Meissner and Scheffers to be the most perfect. The 
experimental results for this crystal at the temperature of liquid nitrogen arc 
given in Fig. 1 by small circles. The curve which Meissner and Scheffers assume 
to represent the law of change of resistance is drawn by a continuous line, and . 
the values of /?' and IIk obtained by them by using formula (5) arc : IIk = 50 kG,

F i g . 1. Gold crystal Auxl. Temperature of liquid nitrogen. Meissner and Scheffers’ curve 
indicated by a continuous line and their experimental data by circles. Curve calculated on

my hypothesis, by broken line.

and ft' =  5-6 x 10~7, for which the additional resistance will be / i l l0lll0 =  
28 x 10~3. (In Meissner and Scheffers’ notation A H0IIl0 — a and//,. — b.) Using 
my original formulae (1) and (2) I  obtain a curve which is drawn on Fig. 1 by 
a broken line, and deduce that =  7-8 kG, /?' =  T07 x 10~7 and A R 0jIi0 = 
0-8 x 10~3, or an additional resistance 30 times smaller than that estimated by 
Meissner and Scheffers. From inspection of the curve in Fig. 1 it may be taken 
that the small difference between my curve and that of Meissner and Scheffers 
is well within the probable experimental error. At the temperature of liquid 
hydrogen the results of Meissner and Scheffers for the same crystal are given 
on Fig. 2, and as before their curve is shown as a continuous line. The values
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which they obtain from their formula (5) are: Hk = 2-5 kG, /?' =  4-8 x 10~7 
and A R 0IB0 =  1-2 x 10~3. My formulae give points marked by crosses which 
are seen to coincide so well with the experimental curve that it is not neeessary 
to draw another line. The values which I obtain from my formulae are: 
IIk =  1-65 kG, /S' =  4-68 x KP7 and A R J R 0 =  0-77 x 10’3.

0  2 5  5 7-5 10 12-5

Field, kilogouss

Fig. 2. Gold crystals. Temperature of liquid hydrogen. Curve I, Aun , curve 2, Aus . 
Experimental points obtained by Meissner and Scheffers are indicated by circles. Points

calculated on my hypothesis, by crosses.

The agreement of these values with those of Meissner and Scheffers is much 
eloser than in the previous ca.se for liquid nitrogen. This is what we should 
expect sinee the value of IIk is smaller than the maximum value of II, the 
magnetic field for which the experiments arc made. Finally at the temperature 
of liquid helium, the values of Meissner and Scheffers are IIk =  0-37 kG, 

= 4-9  x 10~7, A R0IR0 =0-18 x 10“3. As the experimental results for 
drawing the curve consist of only seven points taken at three different field 
strengths and the individual results for the same II differ more than 25 per 
eent it is actually quite impossible to deduce any definite values of IIk and
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/?' which depend entirely on the shape of the curve. For instance, with my 
formulae I could fit a curve which lies between the experimental points with 
the following different values: II ^  0-5 kG, |5' ^  7'5 x 10~7 and A R0/R0^: 
0-38 X 10 , but to deduce reliable values the range of magnetic field in 
which the experiment is performed would have to be increased considerably 
beyond 0-6 kG. All the data thus obtained are brought for comparison in the 
table, and we see that the values of A R0jR0 for different temperatures obtained 
by my formulae appear to be fairly constant for different temperatures, in 
agreement with the requirements of my hypothesis. Meissner and Scheffers 
came to the opposite conclusion by using their formulae.

For the other crystal, Au5, Meissner and Scheffers do not determine the 
values of Hh and j3'. The values for these crystals which I obtained by my 
formulae are given in Table 1. I have taken for the temperature of liquid 
nitrogen the same values for IIk and /?' as for the crystal Aun , as the experi
mental errors are so large that Meissner and Scheffers do not find it worth 
while to separate the curves. At the temperature of liquid hydrogen, as shown 
on Fig. 2, the agreement of my theoretical curve with the experiment is 
again very good. At the temperature of liquid helium in the range of the 
magnetic field used the curve does not reach the linear part, and any deduction 
of /?' and IIK is meaningless as in the case of the crystal Aun .

Finally the wire Aun , stated by Meissner and Scheffers to be not very pure, 
should on my point of view have a large Hk and should follow approximately 
the square law in the region of the magnetic fields used in the present experi
ment. Actually we may draw such a theoretical curve which lies between the 
experimental points. If we assume that at the temperature of liquid nitrogen 
this wire has the same j3' as the wire Aun, used in my original experiments1, 
we obtain IIk =  187 kG, and then A R JR q =  56 x  10~3, although the value 
so deduced must be regarded as only very approximate. Examining the curve 
of Meissner and Scheffers for this wire at the temperature of liquid hydrogen, 
it appears that it is much more curved than the curve for crystals, and this 
indicates that it still has a large IIk and that the linear part is not reached with 
the field below 12-5 kG, and consequently no separation of /?' and Hk is possible.

From an examination of the data as given in the tabic I think that the con
clusion of Meissner and Scheffers that A R0IR0 does vary markedly with the 
temperature is completely unjustifiable, and if my original formulae are used 
it is evident that the constancy of A R JR 0 is even better than could be expected 
from the accuracy and conditions of the present experiments.

Before discussing the experiment further, it must be pointed out that the 
value of j3', IIk and A R 0IR0 cannot be estimated with great accuracy from 
an experimental curve even when the range of the magnetic field for the experi
mental measurements is five or six times larger than the critical field IIk . as 
even in this case, under certain conditions, a considerable error may be possible. 
The main reason for this error lies in two facts. First, that it is possible that my 
formulae (1) and (2 ), deduced from very simple assumptions, actually do not 
give quite accurately the correct law of change of resistance in weaker fields, 
for in the deduction of these formulae several simplifying assumptions were
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made1, the main one being that the disturbing fields IIk are assumed to be 
distributed at random and have a constant value. This can hardly be the case. 
On the other hand, even if the formulae are correct, we can scarcely expect, 
expecially in good crystals, that the imperfections are distributed uniformly 
throughout the volume of the crystal. In some local places, for instance, 
where the crystal is accidentally strained as is always possible when contacts 
are fixed, the disturbances may be larger and will produce a large Hk; in other 
places it may be very small or even zero. The result will be that the actual 
observed curve will be a superposition of a series of such curves, as given by 
(1) and (2) with different IIk s, and as a result the square law in the beginning 
of the experimental curve will be more flattened out, and the linear law at 
stronger fields will still have a curvature, even at large I I ’s. For accurate 
determination of /5' and Hk the experiments must be made with H  large in 
comparison with the maximum IIk existing in the metal, not only with the 
average Hk which is deduced from the curve; only then will the asymptote 
give the correct value for A R 0/R0. Thus the fact that from Meissner and 
Scheffers’ experiments by using my formulae we obtain a constant value for 
A R 0 cannot be regarded as an absolute proof. Only at the temperature of 
liquid hydrogen was II  much larger than Hk, whilst at the other temperatures 
this condition was not fulfilled, so that under these conditions the constancy 
of Zl R JR 0 as found in the present experiments is surprisingly good.

The second point of interest in connection with my hypothesis is the question 
of identity of the additional resistance A R 0/R0 with the residual resistance 
Rr/R0 for the same sample of the wire as measured by Meissner and Scheffers 
at liquid helium temperature. Their values are given in the last row in the 
tables. We see that for both crystals Aun and Au5 the additional and residual 
resistances are of the same magnitude. The estimated additional resistance 
of the gold wire A uu , in spite of the fact that it is 100 times larger than that 
for a crystal, also agrees with the additional resistance obtained from the 
magnetic measurement. The values in all these cases are certainly not identical, 
but this is not necessarily due to the various errors in the deduction of /?' 
and Hk from the curves, but may have a more general origin. Apart from these 
experimental errors, there are certain other factors to be taken into account. 
For example, it is possible that the crystal may be unequally deformed at 
different temperatures by the strains due to the thermal contraction, depend
ing on the way in which the crystal is supported by the holder (unfortunately 
Meissner and Scheffers do not give the details of their experimental arrange
ment). This will necessarily affect A R J R 0 and R rjR0. Even if these experi
mental errors arc avoided, it is quite possible that the difference between the 
value of A R JR 0 and RrjR0 is due to the fact already referred to, that the 
disturbances in the crystal may not be uniformly distributed, and in conse
quence the crystal will have a different specific resistance in different places. 
The current flowing through the crystal will not be uniformly distributed 
through the cross-section. When a magnetic field of a few thousand gauss is 
applied it will increase the resistance differently in different parts of the 
crystal, and since at the temperature of liquid helium or liquid hydrogen
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the resistance of the crystal is actually increased about twice, there is no 
doubt that in the magnetic field the current will have a different distribution 
than without it. The additional resistance which we measured by means of 
the magnetic field is in this case related to this new distribution of current for 
which the residual resistance will be different from the residual resistance 
observed in measurements at absolute zero.

From all these considerations we have to regard the agreement between the 
additional resistance A R0[R0 as obtained from the measurements, with that 
of the residual resistance R r/R0 as quite satisfactory. All these effects, which 
were difficult to estimate beforehand, explain why the guess which I made in 
my previous paper that the value of the critical field for the gold crystals used 
by Meissner should be about 3 kG was not quite correct, as it has actually 
been found to be about 7-8 kG.

There are several other interesting points which arise from the work of 
Meissner and Scheffers, as, for instance, the possible variation of (3' and Hk 
with the temperature and the orientation of the crystal, but the object of 
this paper does not permit me to consider them at present.

The other point with which I  shall now deal is Nernst’s remark which is 
quoted by Meissner and Scheffers. It relates to the possibility of the existence 
of the linear law. In my previous experiments with gold wires the critical 
field IIk was found to range between 60 and 135 kG. In the experiments of 
Meissner and Scheffers with crystals it drops, as we have seen, ranging from 
1-65 to 7-8 kG. With further perfection of the crystal there is every hope 
of reducing the critical field to an even smaller value, and there is no experi
mental evidence that we cannot approach very nearly a linear law [as given 
on formula (3)]. According to the statement of Meissner and Scheffers, Nernst 
suggests that this linear law is impossible as it implies that with the change of 
the sign of the field the increased resistance must also alter its sign. This 
remark will be quite correct if the increase of resistance in the magnetic field 
is produced by a direct action of the field on the motion of electrons, as sug
gested in a number of theoretical works, and on this assumption we must 
expect to obtain a square law, as does actually happen. The experimental 
fact of the possibility of the existence of a linear law indicates that the increase 
of resistance produced by the field is not a result of a direct action of the 
magnetic field on the motion of electrons or electronic w'avcs. As has already 
been stated, I  assumed that the magnetic field produced a disturbance in the 
crystals which has a similar influence on the conductivity of the crystal as 
impurities or imperfections in the crystal lattice. This means that the field 
does not affect the motion of the electrons, but disturbs the atoms, or the 
lattice as a whole, and this affects the motion of electrons. A change in the 
direction of the field will only produce a change in the direction of the dis
turbance, but the resistance will still increase.

In their final remarks Meissner and Scheffers criticise the suggestions offered 
in my paper to explain the origin of supra-conductivity. Unfortunately no 
theory of electronic conductivity so far advanced seems to account adequately 
for this phenomenon; in fact, the greatest difficulty lies not so much in making
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a picture of the supra-conducting state by itself, as in accounting for the sudden 
way in which it appears. The hypothesis which I put forward was suggested 
by the fact that the supra-conducting metals increase their resistance in a 
magnetic field in no way differently from other metals. On the other hand, the 
threshold value of the resistance, as observed in supra-conductivity, was found 
to be of the same order of magnitude as the additional resistance measured 
in my experiments. This led to my suggestion that the mechanism of supra- 
conductivity consists in the sudden disappearance of the additional resistance, 
the remaining ideal resistance being much less than was previously estimated. 
This hypothesis appears in many ways very helpful in explaining other pheno
mena observed in the supra-coriductive state .1,3

The probable mechanism of the disappearance of the additional resistance 
was given later on by Bernal4, whose picture amounts to some kind of sudden 
freezing out of the disturbance in the crystalline lattice at the threshold value 
of supra-conductivity. By means of this picture Bernal was able to give the 
probable explanation why only a few very heavy metals are at present found 
to be supra-conductive.

At present the most serious objection raised against my hypothesis on the 
experimental side is that of Meissner and Scheffers, and also, some time ago, of 
Bartlett.5 This objection is that the measurements of Kamcrlingh Onnes and 
Tuyn6 show that in lead in the supra-conducting state, at a temperature of 
4-2°K, the resistance is of the order 10~10 of that of 273°K. On the other 
hand, the value calculated by Meissner and Scheffers obtained by extrapolation 
of Griineisen’s formula shows that the resistance in the supra-conducting state 
will be only 10~4 of that at 273°K, a value 106 too large. This objection would 
indeed by very difficult to dismiss if there existed conclusive evidence for the 
correctness of such an extrapolation. Actually the law of change of resistance 
in the last few degrees from the absolute zero is unknown, the reason being 
that even in the best crystals at present available, such as that used by Meissner 
and Scheffers, the additional resistance at this low temperature is many times 
larger than the ideal one, and even an approximate separation of them is 
impossible.

From a more detailed analysis of experimental data of the resistance at low 
temperatures, I  think that there is every reason to believe that the change of 
resistance in the region of the last few degrees must alter much more rapidly 
than T4, or even T 5, as was recently given by Bloch7, and is probably expressed 
by some kind of exponential function. The correctness of this statement 
can be demonstrated by plotting the resistance for different temperatures on 
a logarithmic scale, as was done some time ago by Borelius.8 From his diagram, 
where numerous data for well-studied metals are plotted, it can be seen that 
with decrease of temperature the law of change of resistance gradually alters 
to a higher power of T  as the temperature diminishes. At first the resistance 
varies as T 2, then for a shorter range of temperature as T z, and for still shorter 
range of temperature we have the Griineisen law T4, but it is evident that the 
experimental curve still bends upwards, indicating the probability of T 5 and 
still higher powers of T. There are no evident reasons for supposing that this
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steady increase of power of the T ’s with decreasing ranges of temperature 
will stop when the temperature is approaching the absolute zero.

In order to demonstrate that it is quite possible to obtain a very low resistance 
at low temperatures for lead, I  have drawn a curve on Fig. 3. In drawing this 
curve I took the data for the resistance of lead above 7*65°K9, and sub
tracted the value of the additional resistance, taking it to be equal, according 
to my hypothesis, to the value of the resistance at the threshold value, and the

Fig. 3. Change of the ideal resistance of lead near the absolute zero. 
Plotted on logarithmic scale

values so obtained arc plotted on the vertical axis on a logarithmic scale. 
The corresponding absolute temperatures are plotted on the horizontal axis, 
also on a logarithmic scale. The curve drawn for this point is bending con
tinuously as the temperature decreases. I t  must be remembered that we are 
using a logarithmic scale; this means, with the law of change of resistance 
expressed as T n, n is continually increasing as wc approach absolute zero.

From a consideration of the curve in Fig. 3, it is also evident that from the 
extrapolation of the curve to the temperature of 4-2°K at which the experi
ments of Kamerlingh Onncs and Tuyn were made, it is possible to obtain the 
values for R id/R273 of the order 10~10, and if required even much smaller. An 
accurate extrapolation is impossible, but I think this curve demonstrates that 
from a purely experimental point of view it is quite impossible to deny the 
possibility of the ideal resistance reaching the very small values actually 
observed in the supra-conductive state.
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In conclusion I  would like to point out that the suggestions made in my 
previous papers with regard to the law of change of resistance in a magnetic 
field and also with regard to supra-conductivity, form a quite definite working 
hypothesis which permits a new and definite line of research to be opened up. 
Although much more experimental justification for the accuracy of the under
lying assumption is still required, the present experimental data of Meissner 
and Scheffers, if interpreted by my original formula, seem to me not only to 
strengthen the correctness of the underlying ideas of my original theory, but 
also to widen the range of their application.
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24. METHODS OF EXPERIMENTING IN STRONG
MAGNETIC FIELDS*

Abstract. The paper describes the design of apparatus for the production 
of intense magnetic fields of brief duration, and indicates some of the experi
ments which were made with such fields.

T h e  model of the atom as now given in modern physics is essentially of an 
electrodynamic character, that is, it consists of moving charged bodies. All 
the properties of a given atom are due to the number and way in which the 
electrons move round the nucleus. By disturbing this motion by any means we 
shall alter most of the properties of the atom such as, for instance, its spectra, 
coherence forces, magnetic moment, etc.

The magnetic field is the most efficient disturbing agent of the motion of the 
electrons, and it is of the greatest interest and importance to study the disturb
ances produced by magnetic fields in individual atoms and in atomic aggregates 
such as crystal. For instance, it is well known that the results which were 
obtained from the study of the Zeeman Effect led to the classification and 
understanding of the spectra of atoms. There are quite definite indications that 
the most interesting region of the magnetic disturbance of the atom is reached 
when the strength of the magnetic field attains the same value as the field in 
the atom produced by the moving electrons. If an atom is exposed to such 
magnetic fields the motion of the electrons will be altered very markedly, as 
the coupling energy between the electrons will be of the same order as the 
perturbation produced by the field. However, if we begin to consider the 
magnitude of these magnetic fields we find that even for the most loosely bound 
electrons it should be of the order of 1,000,000 gauss. Ordinary methods of 
obtaining magnetic fields, such as the use of electromagnets, limit the field to 
a value not much higher than 50,000 gauss. This limit is due to the fact that 
iron gets saturated. The magnetic field produced by electromagnets increases 
very slowly in strength with increasing size of the magnet. The largest magnet 
ever built is that of Prof. Cotton, which is a most wonderful engineering 
construction of enormous size. The diameter of the iron cores reaches 1 metre 
and a man can easily stand between the pole pieces, whilst a special power 
station is required to supply the required current. Even this huge electromagnet 
cannot produce a field much stronger than 60,000 gauss in a space sufficiently 
large to make experiments.

The importance of strong magnetic fields led the author to attempt to 
develop a method of obtaining them by making the time of duration very short. 
As we shall see later, by means of the sacrifice of the length of time of existence 
the magnetic fields can be made very much stronger, and a large region of 
important physical investigations can be covered.

* P. L. Kapitza, Methods of experimenting in strong magnetic fields, Proc. Phys. Soc., 
42, 425 (1930).
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The general idea of the method is as follows: If you take a coil and pass a 
current through it, then the magnetic field produced in the coil will be propor
tional to the current, but the increasing of the current is stopped by a natural 
limit which is due to the heat produced in the coil by the current. To reduce 
this heating two methods can be used; the first is to cool the coil to a very 
low temperature, when the resistance is reduced considerably, and even in 
certain metals to zero, when the metal begins to be supra-conducting. A 
difficulty in this case will be that the magnetic field produced by the coil will 
destroy the supra-conduction state and also very rapidly increase the resistance 
to a value very close to that at room temperature. The second method is to 
cool the coil by carrying away the heat; but still experiments and calculations 
show that even with the most efficient cooling of the coil it is difficult to get a 
field of more than 50,000 or 60,000 gauss.

The principal idea of the author’s method is to produce the magnetic field 
for such a short time that the coil has practically no time to overheat. We 
have chosen this time to be of the order of 0-01 sec. For instance, if we want to 
produce a field of 1,000,000 gauss in a very efficiently designed coil with an 
inside diameter of 1 cm, a power of 50,000 kW is required; in one second the 
coil will be heated to 10,000°C, and to keep the coil cool by means of water
cooling is practically impossible. If, however, we allow the current to pass for 
only 0-01 sec the coil will only increase in temperature by about 1000°C, a 
quite permissible temperature rise.

There are a number of experimental difficulties which still lie before us in 
obtaining and applying this strong magnetic field of short duration: the first 
one is the large amount of power necessary. I t  is evident that it is an easier and 
cheaper proposition to obtain the huge amount of power for a short time than 
to use it continuously. We have found two methods suitable for our experi
ments. Our first method was to use accumulator batteries; these specially made 
accumulators had a very small capacity and a small internal resistance, and 
were rather rigidly built. By charging these accumulators for a few minutes 
and discharging them in 0-01 sec we could easily obtain impulses of current 
up to 2000 or 3000 kW. All the preliminary experiments were carried out with 
these accumulators, and fields of 100,000 gauss were produced, but further 
increase in magnetic field was difficult as it was found rather difficult to break 
sufficiently suddenly the continuous currents of several thousand amperes 
supplied by accumulators. Consequently, when it was decided to go to larger 
powers accumulators were replaced by a special generator. The generator 
chosen was similar to a single-phase a.c. turbo-alternator. This type was found 
to be of great advantage for obtaining the strong impulses required in our experi
ments. Firstly, the armature can easily be made very strong, and as it makes 
a large number of revolutions it possesses a good amount of kinetic energy, 
so that when the generator is short-circuited for 0-01 sec sufficient kinetic 
energy is available to be converted into electrical energy. Secondly, with an 
a.c. machine only a half wave of the current is used, and if a synchronously 
adjusted break is adopted, it is possible to interrupt the current at a point very 
close to zero, and the problem of the interruption of the current is thus simplified.
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I t  is well-known electrical engineering practice that this type of machine 
when short-circuited can deliver very large impulses of current, and usually 
these machines are made in such a way that large currents cannot be obtained 
by an accidental short-circuit, which might otherwise result in a serious 
accident. The machine which we used, however, was designed in the opposite 
way: it is actually built to give these large impulses on being short-circuited. 
This required a considerable revision in the design of the machine, and it was 
especially important to consider all the electrodynamical forces which occurred, 
since they might easily result in a mechanical breakdown of the windings. The 
machine actually constructed was of the size of the usual turbo-alternator for 
delivering 2000 kW at continuous rating. On being short-circuited on the test 
bench it gave us 220,000 kW. When it is short-circuited on a coil of equal 
impedance only half of the power will be available: half of it will be lost in 
the machine and the other half will go to the coil. In this way the required
50,000 kW are obtainable. The machine is shown in Plate 21.

The only drawback of using such a machine is that the current never 
remains constant in the coil, and thus the magnetic field also ■will vary as is 
seen on oscillogram Plate 22. However, it was found possible with a certain 
design of armature to give such a shape to the excitation magnetic field that 
the output current wave had a flat top, and during several thousandths of a 
second the magnetic field actually remained constant as seen on oscillogram 
Plate 23.

The second problem we had to face was the designing of a special switch to 
make and break the current synchronously with the current wave. This was 
rather a complicated engineering problem, as the current had to remain on 
for only 0-01 sec and the time we had for making or breaking would be a few 
ten-thousandths of a second, during which time a copper plate had to separate 
by several millimetres from a brush. The acceleration required to move the 
copper plate 1 kg in weight this distance is about 1000 times that of the 
gravity field, and the force required is over a ton. An exceptionally strong and 
carefully designed cam shaft mechanism is used for this apparatus. There are 
also several accessory parts used during the break of the current, such as 
condensers to avoid over tension during a too sudden break and an air blast 
in the gap of the switch to make the break more efficient. The switch is shown 
on Plate 13, p. 137.

The most difficult part of the whole apparatus to design was the coil itself, in 
■which the magnetic field was produced. The density of the current in this coil 
reached a value of 500,000 amp/cm2, and the electrodynamical forces which 
try to enlarge the diameter of the coil are so large that at first most of our 
coils broke with a great explosion. I t  was necessary to work out a method to 
reinforce these coils with steel bands and to find a coil of such a shape that the 
electrodynamical forces together with the reaction forces of the reinforcement 
would be reduced to a uniform (hydrostatic) pressure on the copper. The force 
on the outside reinforcement of the coil which is actually now in use, and in 
which fields of over 300,000 gauss have been obtained, reached the value of 
140 tons.
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P l a t e  22. Current in coil, with ordinary 
excitation field
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There are also a number of automatic devices and oscillographs which are 
used to record the currents in the coil, and thus to measure the magnetic 
fields. The experiments are carried out automatically by a number of timing 
devices which all act on the pressing of a single button. The apparatus is 
placed in a large hall at one end of which is the generator which is accelerated 
by an 80h.p. electric motor to the required speed. The strong current is brought 
to the other end of the coil by means of six thick cables. The distance between 
the machine and the coil has been chosen to be 20 m for the following reason: 
when the machine is short-circuited the angular velocity of the armature, 
which weighs 2J tons, is reduced by 10 per cent in 0-01 sec. This results in a 
strong couple which tends to turn the whole machine on its foundation and 
produces a shaking of the ground. I t  is evident that it would be very awkward, 
at any moment when an experiment was being made, for such an earthquake 
to disturb the apparatus, but by placing the machine far from the coil we bring 
it about that the earthquake actually arrives at the coil and measuring- 
apparatus after 0-01 sec, when the experiment is all over.

At present we have limited our experiment to field strengths up to 300,000 
gauss, which can be reached in a volume of 3 cm2.

We have now to consider the methods used to make experiments during 
0 0 1  sec. I t  is evident that for the magnetic phenomena occurring in the atom 
this a very long time, and all these phenomena have plenty of time to establish 
themselves. The difficulty is only in finding the methods of observing and 
measuring these phenomena. Actually, however, the loss in time in most 
experiments is compensated by gain in magnitude of the phenomena observed. 
For instance, in the study of the Zeeman Effect, the splitting of the lines was so 
large that an ordinary prism spectrograph could be used which had a large 
luminosity, and the time of exposure could be reduced to 0-01 sec. In  ordinary 
weaker magnetic fields the time of exposure is sometimes several seconds, and 
echelons or gratings of large dispersive power, which have a much smaller 
luminosity, have to be used.

Up to the present, besides the Zeeman Effect, we have covered the following 
ground in magnetic research.

We have studied the change of resistance of various metals in magnetic 
fields. Usually the change of resistance amounts to a small fraction of 1 per cent, 
but in our case, with the strong magnetic fields, the resistance of most of the 
metals increased by 20-30 per cent* and could be measured by an ordinary 
oscillograph, especially as for these short times large currents could be sent 
through the samples of metals without any danger of heating them. I t  was 
found in this case that in strong magnetic fields the law of change of resistance 
was different from that in weaker fields. In weaker fields the resistance increases 
proportionally to the square of the magnetic field; in stronger fields we found 
that a linear law obtained.

We have also measured the susceptibility of certain metals. For this purpose 
a special balance was made having a frequency of about 2000-3000 c/s. This

* The resistance of bismuth increase in certain cases 2000 times.
Cl’K 12
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balance was found sufficiently sensitive to measure the susceptibility of most 
of the substances, as in the case of strong magnetic fields the force which acts 
on a substance is about 100 times larger than usual, and amounts to several 
grams.

The magnitude of the force reached in strong fields can be illustrated by a 
simple experiment. If we place in the coil a Dewar flask filled with liquid air 
and if a glass rod 3 mm in diameter is placed in the flask, the liquid oxygen in 
liquid air, owing to its strong paramagnetism, is pulled into the Dewar flask 
when the field is on, and the glass rod is forced out, the force being sufficient 
to throw the glass rod to a height of about 7 or 8 m. If the Dewar flask is filled 
with liquid oxygen only, the force of attraction due to a field of 300,000 gauss 
produces a pressure of several atmospheres and the Dewar flask breaks.

I t  was also found possible to make an apparatus to study the magneto
striction in metals during short periods. At present this phenomenon is only 
known for ferromagnetic substances, but in strong magnetic fields we find it 
specially marked in bismuth and some other substances, such as tin and 
graphite, which have a crystal structure of a low symmetry. We found that in 
bismuth crystals in strong magnetic fields the crystal increases in length in the 
direction of the trigonal axis, but decreases perpendicularly to it.

The great advantage of studying these phenomena in 0-01 sec is that the 
main disturbance, which comes from the temperature change, is avoided, as 
during this short space of time the temperature is practically constant.

A very good example of the use of short duration fields with good success was 
afforded by the application of these fields to the a-ray tracks obtained in a 
Wilson expansion chamber. In strong magnetic fields, owing to the charge of 
the a-particle, the track is bent, and by measurement of the curvature along 
the track it is possible to find out how a single a-particle loses its velocity when 
passing through a gas.

Thus we can see that the magnetic field of short duration has a wide scope 
of application and can be used in nearly every case where the experiment is 
possible in ordinary magnetic fields, but special apparatus and methods have 
to be devised for the work.



25. EXPERIMENTAL STUDIES IN STRONG 
MAGNETIC FIELDS*

I ntroduction

I t  is well known that the strength of a magnetic field obtained by means of 
electromagnets is restricted by the saturation of their cores. At present, the 
highest magnetisation at saturation is shown by the alloy ferrocobalt, dis
covered by Prof. Weiss, but even by means of this alloy the maximum field 
strength which can be produced in a space sufficient for experimental investiga
tions does not attain even 100 gauss. As alloys with a higher magnetisation at 
saturation are not discovered, an increase in the magnetic field strength can be 
achieved only on account of an increase in the size of the electromagnets. 
However, the magnetic field strength increases proportionally to the logarithm 
of the size.

I t is doubtful whether one could go far in this sense, since a giant electro
magnet was constructed by Prof. Cotton in Prance. I t  is also well known that 
strong magnetic fields can be obtained in a coil if it is sufficiently well cooled, 
for example, by an intense water stream. By this method one can obtain fields 
of about 60-70 kG. This is probably a practical limit, since there apparently 
exists a limit for the quantity of cooling material which can be brought into 
contact with a unit surface of the coil. This method has no practical applica
tion, appears to be more complicated than the electromagnet method, and 
reveals no great possibilities. A considerable increase in the magnetic field can 
be achieved by reducing the time of its existence to small fractions of a second. 
This sacrifice of time certainly presents some difficulties in carrying out investi
gations on magnetism, but because this is obviously the sole hope at present 
to obtain strong magnetic fields, wb took just this course.

Undoubtedly, some phenomena requiring a certain time for their progress 
as, for example, the growing of crystals, cannot be studied in such a way. 
However, there still remain a large number of phenomena, probably the most 
interesting ones, which can be studied by this method. We arc interested 
mainly in atomic phenomena and, since a strong magnetic field is the single 
most fruitful means for perturbing the motion of electrons in atoms, molecules 
and crystals, experiments in this domain are of great interest for contemporary 
physics. The main difficulty encountered in applying this method consists in 
the following: firstly, the very production of field for a short time interval and, 
secondly, the method of measuring the phenomenon. In  this article I  wish to

* II. JI. Kannn,a, 9 KcnepHMCHTajiLHtie iiccjicgonaiiim b ciijibhhx ManiHTHtix iiojihx, Yctiexu 
tpusmecKux uayK, 11, 533 (1931).

Reported at the Solvay Congress in Brussels in October 1930.
12* 339
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dwell at length upon the second part of the problem, since the first part was 
earlier described in detail.1

D escription of a Method of Obtaining Magnetic F ields
in Short T ime I ntervals

Evidently, the most important point in obtaining strong magnetic fields for 
short time intervals consists in protecting the coil from overheating, and in 
such an experimental design in which the overall heat released is to be absorbed 
by the coil itself owing to its thermal capacity. If the magnetic field is produced 
in a coil of the radius a and by a winding of a material with the specific resis
tance q (taking into account also the volume taken by the insulation of the 
winding), and the power applied is W kW, then the strength will have a value 
of

In this formula, which was given in such a convenient form by Fabry2, k is 
a coefficient dependent on the form of the coil, and in ordinary coils it cannot 
exceed 0T79. From this formula it is clear that, for example, to obtain a field 
of 1 million gauss in a coil of the cross-section diameter of 1 cm it is necessary to 
apply 40,000 kW, and practically even more. At such a power a coil of an 
ordinary size is expected to get heated to more than 10,000° in a second. 
However, if the time is reduced to 0-01 sec, then the increase in the temperature 
will amount only to 100°, and this is already admissible. From this standpoint 
the advantage of obtaining fields in short time intervals is evident. In applying 
this method considerable difficulties are encountered. The first one is obtaining 
high powers. Obviously, the application of a power station with a few thousand 
kilowatt during 0-01 sec is not only very inconvenient, but also practically 
unfeasible for a physical laboratory, and it is evident that a special source of 
energy is to be designed. The solution to this problem suggests itself. For this 
purpose any electric arrangement able to accumulate energy and then transfer 
it during fractions of a second is suitable. We can imagine 4 basic types of the 
arrangement, depending on the way of their accumulating the energy.

The first method is electrostatic, the second—magnetic, the third—chemical, 
and the fourth—mechanical.

The first method is carried out by a large condenser battery, which is slowly 
discharged through the coil. This solution is quite feasible, but has great 
practical disadvantages. I t  should be noted that not only a large power is 
needed, but also a certain energy must be stored, sufficient for obtaining the 
field and for its maintaining during a time which is not too short for carrying 
out the experiment. A time between 0-02 and 0-01 sec proved to be the most 
convenient one. I t  can be shown that a condenser battery able to give the 
necessary energy is of practically inconveniently large size, and requires 
charging up to high potentials, which makes the insulation of the coil a very 
difficult task. Experiments in this sense were carried out by Dr. Wall3, whose 
results corroborate our general considerations.
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The second method of accumulating the energy is based on the fact that 
magnetic energy is usually stored in the iron core of an induction coil. Indeed, in 
the beginning we carried out experiments with a specially designed induction 
coil whose secondary winding was made of a very small number of turns, and 
was connected to the coil. Theoretically, this method is admissible and more 
practical than the condenser battery method, but here we encounter great 
difficulties in its practical application. The main difficulty consists in the fact 
that when the primary current is disconnected, in the secondary winding which 
has almost no capacity whatever and is connected to a circuit of a high self
inductance (solenoid) there arise colossal overvoltages and, roughly speaking, 
the energy may happen to be dissipated by the switch, instead of going to the 
coil. Calculations have shown that it is very difficult and practically impossible 
to break the primary current and, hence, this method was given up.

The chemical method was the first to allow a satisfactory accumulation of 
energy.* For this purpose there was designed a special storage battery having 
a very small capacity owing to the active layer being very thin. The accumula
tors were very strongly constructed, and were placed near one another like a 
voltaic column. These accumulators could be charged in the course of few 
seconds, and usually discharged completely in a fraction of a second. This 
storage battery could provide a power of between 1 and 1000 kW, and prelimi
nary experiments were carried out in short time intervals. Thus experiments on 
the Zeeman effect were carried out with fields of about 125 thousand gauss4, 
and the same fields were applied to obtain deflection of the trajectories of a-rays 
in a Wilson chamber.5 These experiments made it possible to determine the 
change in the velocity of a-particles in their passing through such gases as air 
and hydrogen.

Some increase in the magnetic field strength can be obtained by increasing 
the size of the storage battery, which encounters considerable difficulties. 
After 1-2 years had elapsed, the elements were found to increase gradually 
their capacity, and therefore their power to be transferred was reduced, and 
they were destroyed.

However, the difficulty consists in breaking a continuous current of several 
thousand ampere in a time sufficiently short in comparison with 0-01 sec. This 
leads in the end to the last possibility for accumulating the energy, namely to 
the mechanical method applying the fly-wheel principle.6 This can be carried 
out by applying a generator of alternating current of the type of turbogenerator 
which has a massive rotor performing a large number of rotations and, conse
quently, having a large kinetic energy. From engineering practice it is well 
known that by short-circuiting one can obtain larger powers from this kind 
of generator at the moment of switching on.

Alternating current generators, which are made for continuous use, are 
designed in such a way that the short-circuiting current may not give a large 
power, since this increases the danger in the work. In constructing our genera
tor we proceeded from the opposite principle and, indeed, the machine that

* A detailed description of this method may be found in ref. 1.
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we made could give when short-circuited about 200,000 kW (70,000 amp and 
3000 V), whereas its size corresponded to a machine for a continuous operation 
at 1500 kW. This change in the design leads to a very interesting study of 
mechanical stresses in the electric machine. In ordinary machines this is not 
of essential importance, but in our case mechanical stresses play such an essen
tial role that they represent the most important problem in the design, and 
one has to introduce many particular features as distinct from ordinary practice 
in order to make the machine stable. The application of an alternating-current 
machine has also the great advantage that it considerably facilitates the problem

F ig . 1

lA/f —
F ig . 2

of breaking the current. Since only half-waves are used, it was necessary to 
construct such a synchronous device which could break current at the moment 
when the current magnitude became zero.

In such a case the problem of breaking the current reduces to that of desig
ning a synchronous quick-break cut-off switch. The reader is referred to a more 
detailed description of the design of the switch-off, which represents an inter
esting mechanical problem and operates on the principle of a tappet shaft.

At first sight, it seems that the application of alternating current encoun
ters difficulty in obtaining a constant magnetic field in the course of even 
0 0 1  sec, but a wave having a flat top can be produced by a proper change in 
the excitation of the field. Figure 1 shows the oscillogram of an ordinary wave, 
whereas Fig. 2 shows a wave with a flat top. The machine is shown on Plate 11, 
p. 136. The main difficulty in this method of obtaining the magnetic field, 
which imposes a limit on the strength of the field to be obtained, lies in the coil 
itself. The large current density, attaining 100,000 amp per cm2 in the strong 
magnetic field, inevitably produces large stresses in the body of the coil itself.
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These stresses cause a contraction of the coil along the axis and reduce the 
diameter. An ordinary coil made of copper was destroyed with a large explosion 
when a field of 200,000 gauss was produced in it. This problem required a 
thorough study of the forces arising in the coil. After Dr. Cockcroft7 had 
elaborated the methods of calculating these stresses, it turned out that, if the 
coil is compressed by a massive steel tire, then the reaction forces from the 
tire together with electromechanical forces tending to destroy the coil produce 
conditions analogous to a hydrostatic pressure from all sides. The coil was made 
of a special cadmium-copper alloy which was harder than copper and had 
good conductivity. By means of a coil with a cavity diameter of 1 cm a field 
of 320 kG was obtained in it, and one may hope that with further improvement 
in the coil construction one will in the end obtain about half a million gauss in 
a volume of 1-2 cm3. However, if special alloy with a good electrical con
ductivity and hardness approaching that of steel is not discovered, then it is 
very doubtful whether the problem on obtaining fields above 1 million gauss 
can be solved. In our case the hydrostatic pressure in the coil attains several 
thousand kilogram per cm2, and it is very surprising that we have had up to 
noAv no case of destruction of the insulation. But in this case nature is of help, 
namely the arc produced after the breakdown of even a thin insulation is 
suppressed by the magnetic field, and the current keeps circulating as usual. 
We had several cases in which the insulation was clearly inappropriate, but no 
arc was produced. As a coil is destroyed because of tension there takes place a 
very strong explosion, and the coil fragments fly away. Before learning to 
construct coils able to resist such forces, we lost 4-5 coils in explosion.

Further progress in the field strength may be achieved rather cautiously 
and gradually.

E xperimental  Methods

The methods of measuring in strong magnetic fields are based on the follow
ing idea. We have to perform the experiment in the course of 0-01 sec, which 
is a very small time interval for the experimental technique, but sufficiently 
long that the phenomenon under investigation may already take place. As a 
matter of fact, since the magnetic field considerably exceeds in its strength an 
ordinary one, the phenomena occurring in it arc so increased that they may be 
investigated even in such a short time.

Wiiat is Lost in Time is Gained  in Magnitude

In most cases, the method of short-acting fields cannot involve regions below 
30 kG, and one has to carry out additional work with ordinary electromagnets 
if this is of interest.

The first problem to be considered is the measurement of the field itself. It 
reduces merely to the measurement of current in the coil by means of an 
oscillograph. The oscillograph we used had a very small natural period and a 
small sensitivity. However, since the current in the coil may attain 20,000 amp,
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we can always put aside 1-2 amp to let them pass through the oscillograph, 
and the oscillograph docs not get heated during the short time of the experi
ment. In order to determine the magnitude of the magnetic field of the current, 
the constant of the coil should be known. This is carried out by a somewhat 
modified ballistical method.

A little coil was placed in the centre of another large coil. The little coil 
was short-circuited until the current in the main coil (solenoid) attained its 
maximum value. Then the coil was automatically cut out and connected to a 
ballistic galvanometer, and the field strength could be determined from the 
galvanometer deflections in the usual way. We found the field in the main 
coil (solenoid) to be proportional to the current, while a field of the order of 
4000 gauss produced by the steel tire of the coil showed no appreciable departure 
from the proportionality.. Various manipulations needed to carry out the 
experiment in 0-01 sec made it necessary to perform a number of disengagings 
completely synchronously. At present, the overall experiment is performed 
by pressing a button, and everything is done automatically in the course of 
0-01 sec, during which the experiment lasts.

The Change  in the R esi stance  of Metals in Strong Magnetic
F i elds

Obviously, for every phenomenon which must be investigated in these strong 
fields in the course of a short time a special method of investigating is to be 
worked out. A priori, there are no difficulties of principle in devising such 
methods for all kinds of investigations to be performed in ordinary fields. 
The first problem that we studied was the effect of a magnetic field obtained by 
a dynamo on the resistance of metals.8

The basic idea of the experimental arrangement reduces to the following. A 
sample of the metal to be investigated, preferably in the form of a filament, 
was bifilarly winded around a small coil, and had two potential taps and two 
current taps, which were placed at the ends in usual way. The taps were 
connected also bifilarly to the measuring instrument. The potential ends were 
connected to a sensitive oscillograph. If a current passing through such supplies 
is constant, then the oscillograph deflections must be proportional to the 
resistance of the filament under investigation.

In our case we had a great advantage in the sense that we could let pass 
through the filament currents much larger than usual, since no heating is to 
be apprehended in the course of 0-01 sec. There arises only one difficulty con
sisting in determining the electromotive force of induction resulting from the 
change in the field in the solenoid. But this can be eliminated by letting current 
pass through the filament in individual pulses, as shown by curve 1 of Fig. 1. 
The duration of the pulse was 3-4 times less than that of the current in the 
solenoid (curve II) and, obviously, the current in the oscillograph measuring 
the potential difference (curve P), which results from the change in the magnetic 
field will be the same, but the current resulting from the potential difference, 
depending on the filament resistance, will be superposed upon its maximum,
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and the amplitude in each engaging or disengaging of the current in the fila
ment will be proportional to the filament resistance.

In such a way 35 different metals were investigated, some of which at low 
temperatures, because in this case the change in the resistance is larger than at 
room temperature. I t  has been found that, with the exception of ferromagnetic 
metals, the resistance change in most metals in weak fields obeys the quadratic 
law, as stated long ago by Patterson9 and others, but in strong fields this law 
goes over to the linear one. As an example, curves for three copper filaments 
are presented in Fig. 3. Another interesting phenomenon that we have found 
consists in the fact that the physical properties of the filament have considerable

0 100 200  300
Field, kilogauss

Fig. 3

effect on the form of the curve. Thus in the purest and best annealed filament 
the quadratic part is the shortest one, and the linear part begins earlier (Fig. 3). 
This was found in all samples without exception. This led the author to 
assume an analogy in the increase of the resistance under the effect of chemical 
and physical impurities of the substance and the increase in the resistance 
under the perturbing action of the magnetic field. Supposing that the internal 
perturbation produces the same effect as some hypothetical field IIk oriented 
arbitrarily, and that the true change in the resistance is proportional to the 
resulting vector of the internal magnetic field, one may easily obtain a formula 
for the change in the resistance: the relative increase in the resistance is

A R
~1T
A R
I T

= /?
IP
H i ’

II ^  II

n  ^  II,:

where /5 is a constant for given metal.
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From this hypothesis it follows that in an ideal perfect crystal the dispersion 
factor may be very small, and the linear law is expected to hold from the very 
beginning and may be observed in ordinary magnetic fields. Cadmium, zinc 
and tin crystals were investigated by K. D. Sinelnikov and me, and indeed it 
was found that, if a sufficiently perfect crystal was prepared, the linear law 
began to hold in fields below 2000 gauss instead of 30,000 and 60,000 gauss in 
the case of a filament. As a matter of fact, a good crystal is not so simple to 
obtain. Indeed, it turned out that, for example, the crystal should not be 
taken in the hands, because the very slight pressure exerted by hands may com
pletely deteriorate the crystal. One succeeded in obtaining a perfect crystal 
which showed up the linear law in the fields of the lowest strengths. For this 
the crystal stick to be investigated was grown together with branch pieces 
made of the same metal, and was put in a magnetic field without the slightest 
deformations. The method for the crystal growing is analogous to that de
scribed by the author for bismuth crystals.10 The metal was simply let to grow 
freely on a quartz plate, so that one had to break no glass tube to withdraw the 
crystal. Each of such crystals after being cooled by liquid air for several hours 
increased its resistance, and the linear law began to hold at stronger fields than 
before cooling.

Table 1

Metals
Ratio of the residual 

resistance at 14°K to the 
resistance at room 

temperature

Additional resistance inferred 
from magnetic measurements

Copper, drawn 0-047 0-031
Copper, the same 0-036 0-027
Copper, annealed 0-023 0-017
Gold 0-017 0-015 cubic metals0-035 0-024

0-048 0-05
0-082 0-062
0-007 0-011

<0-0075 0-0615
<0-0034 0-031 metals0-050 0-003

Such crystals had also a lower resistance in liquid air than the crystals of 
the same metals investigated earlier (imperfect crystals). For instance, in the 
case of the best Cd crystal the ratio of its resistance at room temperature to 
that at the liquid air temperature was 0-75 instead of 0-25 obtained byMeissner11 
for the crystals of the same metal. However, after repeated coolings the crystal 
gradually acquires a higher resistance ratio, 021. An X-ray analysis showed no 
difference between a deteriorated and a perfect crystal. This indicates that 
distortions produced by heating and cooling the crystal are very small, but 
nevertheless they arc sufficient to change appreciably the conductivity. These 
studies yielded many interesting results corroborating our aforesaid hypothesis, 
and their preparation for press is in progress.
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Another inference from our hypothesis consists in the fact that the resistance 
due to the perturbing factor may easily be obtained from the eurve of the 
change in the resistance in strong magnetic fields if a tangent to the curve is 
drawn. I t  may be demonstrated that the segment from the origin, where this 
tangent intersects the X-axis, is equal to an additional resistance due to 
perturbations. I t  is natural to assume this additional resistance to be indepen
dent of temperature and equal to the residual resistance at absolute zero.

This makes it possible to check our hypothesis. For this purpose we measured 
the residual resistance of samples under investigation. This still cannot give a 
definite answer, since for this a temperature below that of liquid hydrogen 
would be necessary, which is so far unfeasible in our laboratory. The results of 
these investigations have shown that within error limits of 30-40 per cent the 
residual resistance measured at the liquid hydrogen temperature and the 
additional resistance measured in a magnetic field are in agreement. In 
Table 1 some numerical results of the investigations are presented.

I t  may be seen that for all metals with a cubic lattice there is an agreement 
within the error limits and approximateness of the theoretical assumption, and 
this is in my opinion undoubtedly not fortuitous. In the ease of a non-eubic 
lattice of the metals cadmium, zinc and gallium it is hopeless to ask for any 
agreement. This may easily be accounted for by the inadequacy of the basic 
assumption that the additional resistance is independent of temperature. In 
non-cubic crystals this may not be valid, as may easily be demonstrated by 
examining the data for the best cadmium crystal grown by Sinelnikov and me.

At the temperature of liquid air the Cd crystal resistance amounted to 0-175 
of the resistance at room temperature, whereas the same ratio for the Meissner 
crystal was 0-254. Thus we may expect the residual resistance of the Meissner 
crystal to be not higher than 0-254 — 0-175 =  0-079. Measurements at the 
liquid helium temperature have shown the residual resistance of the Meissner 
crystal to be 0-00047, or more than 100 times less.

This means that the additional resistance must depend on temperature. I t is 
possible that in the case when we had a group of small crystals of a non-cubic 
lattice the thermal expansion was different along different axes of the crystal, 
and in cooling or heating such a crystal there arose tensions. I t  is the effect of 
these tensions that was the cause of the change in the additional resistance. Since 
a pure crystal may easily be deformed, even in the ease of a pure substance a 
good agreement between various residual resistances cannot be expected if no 
special experimental precautions arc undertaken, and this is probably the 
reason why there is no good agreement between the residual and additional 
resistance of gold crystals, as observed by Meissner and Scheffers.12 At present, 
investigations on the change in the resistance of metals in strong magnetic 
fields reveal new possibilities to find the ideal resistance of metals and probably 
indicate that the variation of the resistance with temperature, particularly at 
low temperature, is somewhat more rapid than it was assumed earlier. To 
settle finally this question, it is necessary to carry out many more experimental 
investigations and to undertake great precautionary measures concerning the 
perfection and purity of samples to be investigated.
12 a*
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Magnetic Suscepti bi li ty

The most recent investigations to be carried out in strong magnetic fields 
involve magnetic susceptibility and magnetostriction. Again, as in the previous 
case, the magnetic field strength allows one to perform these investigations 
only in the course of a small fraction of a second, and the phenomena are 
scaled up. For example, if one gram of any weakly magnetic material 'with a 
magnetic susceptibility x of the order of 10~6 is put in a magnetic field of
300,000 gauss whose non-uniformity amounts to 10 per cent per cm, we shall 
have dH/ dx  =  30,000. The force acting on the substance

„ „  dHx = xH  —— per gram, 
da;

will be of the order of 10 per g as may easily be seen.

Fig. 4

r

The problem turns on the construction of a balance with aperiodic damping 
and a natural frequency of 100 oscillations per sec and a sensitivity sufficient 
to observe a force of 10 g. I t  may easily be shown that a proper balance with 
a natural frequency of 1000 oscillations per second and a mass of 1-2  g will 
be displaced under the action of a force of 10 g only by 10~5-10"4 cm. This 
means that in order to observe such a displacement, wc have to magnify it by 
a factor of about 105. After a number of attempts the following hydraulic 
method of magnifying was devised, which proved to be very convenient. The 
schematic drawing is given in Fig. 4. The device consists of a flexible dia
phragm 1, on which the sample to be investigated is suspended. The diaphragm 
is covered by a small chamber 3 with a small opening 4. The overall space 
above the chamber and diaphragm was filled by oil, and no air could get there. 
When the diaphragm moved under the action of the force exerted on the sample, 
the oil passed through the opening 4 with a velocity larger than that of the 
displacement of the diaphragm. In such a way we obtained a magnification
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by a factor of 50. In  order to record the motion of the oil through the opening 
a little mirror of cross-section of 0-5 cm2 was freely suspended in front of 
the opening. The moving oil deflected the mirror, and the deflected beam was 
recorded on a moving photographic plate. This optical lever provided anew a 
2000-fold magnification, which thus attained a factor of 100,000. By a proper 
choice of the thickness of the diaphragm and of the oil viscosity, one can bring 
the balance to the necessary sensitivity and at the same time make it have 
aperiodic damping. I t  was found that in the course of the short time of tlie 
experiment the little mirror followed accurately the motion of the oil without 
any delay, but slow oil motions due to thermal expansions of the device and so 
on produced no displacement of the mirror, which remained at rest owing to 
its force of gravity. By means of this balance, which was only recently con
structed, we investigated the magnetic susceptibility of amorphous bismuth at 
ordinary temperatures, but no departure from the linear law of magnetisation 
was found for fields up to 300,000 gauss. I t  may be expected that this balance 
will allow us to study at low temperatures the saturation of paramagnetic 
substances, and thus to determine the value of the elementary magnetic 
moment. I t  should be noted that our method of measuring magnetic susceptibi
lity differs from that usually applied in a constant field. In our case we are 
dealing not with an isothermic magnetisation but with an adiabatic one, since 
in the course of the short-time experiment the sample cannot get in (thermal) 
equilibrium with the surrounding medium. This change in the temperature of 
the sample in magnetisation, which was first calculated by Langevin13, may 
be appreciable down to the lowest temperatures. In substances such as bismuth, 
whose diamagnetism increases Avith decreasing temperature, by means of 
magnetisation one can obtain lower temperatures.

Ma g n e t o s t r ic t io n

If a substance is put in a magnetic field, then its form may change under 
various effects. One of the first effects, which wc may call the classical magneto
striction, is due to tensions produced by magnetic forces acting between the 
poles of the magnetised body. This effect, which in fields of 300,000 kG has 
a very small value for diamagnetic substances, attains the order of magnitude 
of 10~6, and is of no special interest for investigating the magnetic properties 
of a body, since it can be calculated from the elastic and magnetic constants of 
a given body. On the other hand, it may be expected that there take place also 
other phenomena due to perturbation of the electrodynamic structure of the 
atoms of the metal, which may affect the form of the body. Since the magni
tude of the phenomenon is as yet not theoretically computed, we could only 
devise a method of measuring the magnetostriction, and see whether this last 
may happen to be larger than the classical magnetostriction.

The device applied in studying magnetostriction is very similar to the one 
by which we investigated magnetic susceptibility, and which is described above. 
The device is shown schematically in Fig. 5. A balance 1 is fixed on a very 
massive frame 2, while a rod 3 of the substance to be investigated is fixed to a
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piston 4 of a considerable mass, which may move in the small gap in a cylinder 5 
fixed well on the frame 2. The space above and below the piston 4 is filled by 
oil. A solenoid encloses the rod. Obviously, if the rod changes its length in the

Fig. 5

course of 0-01 sec, the piston will not be able to displace during this time 
owing to its large inertia and the viscosity of the oil, and the overall motion is 
transferred to the plate, while the balance increases the change in the length 
by a factor of 100,000. On the other hand, any slow changes in the length of 
the rod or pieces connected with it, occurring under the influence of tempera
ture, will be transferred to the piston and, thus, one may eliminate all distur
bances due to temperature, which in ordinary methods are giving rise to many 
inconveniences. If the magnification given by the balance is 105 while the 
length of the sample is a few centimeters, then by this device one can observe a 
length change AI  of the order of 10 ~7. The first substance that we investigated 
was a prolate bismuth rod, which showed a small contraction which was 
somewhat larger than that expected according to classical magnetostriction. 
When a bismuth rod was grown in the form of crystal, a more considerable 
effect was observed, which could be accounted for only by magnetostriction 
due to the effect of the magnetic field on the bonds of the lattice.

A more detailed study has shown that, if the trigonal axis is parallel to the 
field, the rod is shortened. The shortening and lengthening in the same field 
turned out be to practically the same, so that in a potycrystalline rod one 
compensates for the other, which explains the absence of the effect in it. 
Experiments have shown the change in the length of a bismuth crystal to be 
proportional to the square of the magnetic field strength and to increase con
siderably with decreasing temperature. At liquid nitrogen temperatures the 
magnetostriction is many times larger than at room temperatures, and the 
relative length change A l/l in a field of 300,000 gauss attains a value of 5 x 10 ~5, 
which exceeds the value found earlier for some ferromagnetic substances. 
These results also explain why previous attempts to observe magnetostriction 
in bismuth turned out to be unsuccessful.14 In these experiments the maximum 
field strength amounted only to 3000 gauss, so that even in a bismuth single
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crystal the magnetostriction could amount only to 5 x 10~8 and, since the 
experiment was in fact carried out on a polycrystalline rod, the effect could be 
of the order of 10-10, which is too low to be measured.

We have also a possibilit}^ to observe magnetostriction in other crystals of a 
non-cubic system, like tin, cadmium and graphite, but here the effect is 
considerably smaller, and at present is still being studied.

The general picture of the phenomenon is about as follows. An elementary 
cell of a bismuth crystal is very similar to a cube slightly elongated along one of 
its diagonals whose direction coincides with that of the trigonal axis. Obviously, 
in a magnetic field such a cube becomes even more elongated in the same 
direction.

From the general theory of magnetostriction it is to be expected that such 
a lattice deformation, if it may be produced by external stresses, must lead to 
an increase in diamagnetic susceptibility in the direction perpendicular to the 
axis of the crystal, and to a decrease along the axis. We have also carried out 
some investigations on the magnetostriction of Ni, and after having applied a 
field of several thousand gauss we observed in Ni no further change in the 
length up to field strengths of 100,000 gauss. From the study of all these 
phenomena it is evident that it is crystals that are of basic interest in investi
gating the magnetic properties of a solid substance, and that it is extremely 
important to have crystals as perfect as possible. Three main factors distort 
the crystal lattice: the first one is impurities, the second one is stresses, and 
the third one is temperature. And the main promise of magnetic investigations 
is likely to lie in studying very pure and well grown crystals at very low 
temperatures. Strong magnetic fields are the most efficient in eliminating 
distortion effects in crystals in the most proper way, and allow one to observe 
magnetic properties under these simple conditions.

There are also other regions to be investigated, like the effect of magnetic 
field on the absorption, emission and scattering of light (the Zeeman effect, the 
Faraday effect, and others). Our studies have already shown that this can also 
be carried out in fields acting for a short time because, for example, the split
ting in the Zeeman effect is so large that an arrangement of high illumination 
may be applied, and the application of an intense light source allows one to 
reduce the exposure time to 0-01 sec. Another region of magnetic studies, like 
the deflection of a- and /5-rays, is also of considerable interest, and it is to be 
noted that this method is much easier to apply in a number of physical studies 
than it appears at first sight.
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26. THE STUDY OF THE 
MAGNETIC PROPERTIES OF MATTER 

IN STRONG MAGNETIC FIELDS*

Abstract. (1) A high frequency, damped, sensitive type of balance is 
described by means of which it is possible to measure forces of a few grams in 
a time of the order of a hundredth of a second.

(2) A general formula for the design of this balance to suit any practical 
requirements is given.

(3) The results of the examination of the balance are described.
(4) A general theory is given for estimating and correcting for the inertia 

of the moving part of the balance.
(5) The experimental arrangements for measuring the magnetisation of 

substances in short times are described.
(6) Different stray effects and errors arising from the shortness of the time 

of experiment are discussed.
(7) The change of temperature during adiabatic magnetisation is estimated.
(8) A description of the measurement of magnetisation for iron and nickel 

after saturation is given. It is shown that the magnetisation remains practi
cally constant up to fields of 280 kG within the limits of experimental error 
(1 per cent). This result is in agreement with the Weiss-Langevin theory of 
ferro -magnetism.

(9) The separation of the ferro- and paramagnetic parts of the magneti
sation in some ferro-magnetic alloys is described.

(10) The measurements of the magnetisation of gadolinium sulphate and 
manganese is described. For gadolinium sulphate a deviation from the linear 
law of magnetisation at the temperature of liquid nitrogen is observed, the 
magnitude of which agrees with the value given by the Langevin theory.

(11) The magnetisation of bismuth for different crystal orientations at 
room temperature and the temperature of liquid nitrogen is measured, and 
found to be proportional to the magnetic field. The dependence of the magne
tic susceptibility on the temperature is estimated for different crystal orien
tations.

Three different causes of magnetostriction arc discussed: the classical 
magnetostriction (C.M.S.) due to the stress of magnetic lines of force, 
the atomic magnetostriction (A.M.S.) due to the disturbance in the mag
netic properties of the substance produced by the magnetic field, and the 
thermal magnetostriction (T.M.S.) which only appears in adiabatic magneti
sation due to the change of temperature. The thermodynamic relation be
tween magnetostriction and change of magnetisation with stress and strain 
is discussed. Moduli, or constants of different orders for adiabatic and iso
thermal magnetostriction are defined, and symmetry relations for the moduli 
of quadratic magnetostriction are given. The relation between the elemen
tary moduli for paramagnetic substances is found.

An extensometer for measuring changes of length down to 10"7 cm in 
a short interval of time is described. The properties of this extensometer

* P. L . K a p i t z a , T h e  s t u d y  o f  t h e  m a g n e t ic  p r o p e r t ie s  o f  m a t t e r  in  s t r o n g  m a g n e t ic  
f ie ld s ,  Proc. Roy. Soc., A 181,‘ 224 (1931); a n d  A185, 537 (1932).
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are discussed and the method of calibration is given. The procedure for 
the measurement of magnetostriction in strong magnetic fields by means 
of this extensometer is described. An analysis of the accuracy of the measure
ments and the possible stray effects is given.

A detailed account of the measurement of the magnetostriction found 
in bismuth crystals is given. It appears that in weak fields at all tem
peratures the magnetostriction is quadratic, having a positive sign along the 
trigonal axis and a negative sign perpendicularly. In strong fields at low tem
peratures a marked deviation from the quadratic magnetostriction occurs 
which has the appearance of a saturation effect. The numerical values of the 
moduli of magnetostriction are obtained and the influence of crystal orien
tation, impurities, and stress is described. An A.M.S. is also found in anti
mony, graphite, gallium and probably in tungsten and tin; and the limits 
of a possible magnetostriction are established for beryllium, magnesium and 
rock salt. A discussion of the results obtained is given in relation to the 
modern theory of diamagnetism. Certain tentative suggestions for explaining 
the phenomena are put forward.

P A R  T  I .  T h e  B a la n c e  a n d  i ts  P ro p e r tie s

1. I n t r o d u c t i o n

In several previous communications1,2 the author has described a method by 
which magnetic fields up to 300,000 gauss could be obtained for a duration of 
time of the order of 1/100 sec. I t was shown that these magnetic fields, in spite 
of the shortness of their duration, can be applied to the study of different 
phenomena such as the change of resistance, the Zeeman effect, and others. 
The present paper describes a number of investigations which have been made 
on different substances, extending the application of intense magnetic fields 
to the study of magnetic susceptibility and magnetostriction.

The interest in measuring the susceptibility of different substances in strong 
magnetic fields lies mainly in seeing whether the linear law of magnetisation 
for ordinary para- and diamagnetic substances holds for higher fields, and 
also in the investigation of the saturation of paramagnetic bodies at low 
temperatures, with a view to determining the elementary magnetic moments. 
In the present communication a method of measuring the magnetic suscep
tibility is described and experimental results are given which verify the linear 
law of magnetisation for several paramagnetic and diamagnetic substances. 
The saturation of iron and nickel in strong fields is also studied. As will be 
seen later, the possibility of making these measurements in such a small 
fraction of time results from the increased magnitude of the phenomenon 
itself. The most direct method for measuring the magnetic susceptibility is 
to record the force on a magnetised body in an inhomogeneous magnetic field. 
In the usual experiments at room temperature this force is only a few hundred 
dynes, but when fields reach the magnitude of 300 kG the force becomes 
several grams, and is then sufficiently large to be measured with fair accuracy 
even in short times of the order of 1/100 sec. In this paper a special type of 
balance will be described by which these measurements are made possible.
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The principle of the balance can also be used for an extensometer for studying 
magnetostriction. In the study of magnetostriction in ordinary magnetic fields 
it was only possible to detect and measure these phenomena in ferromagnetic 
substances. In our present experiments we have been able to increase the scope 
of investigation up to a field of 300,000 gauss, and in this field we have observed 
magnetostriction in several diamagnetic substances such as bismuth, anti
mony and graphite. Of these substances the magnetostriction of bismuth was 
found to be the greatest, and in fields of 300 kG the change in length reached 
the same magnitude as that observed, for instance, in nickel which shows the 
most marked magnetostriction of the ferromagnetic substances. This magneto
striction, however, has quite a different character from that observed in ferro
magnetic substances where the phenomenon in closely related with the magnetic 
saturation.

We have chosen bismuth for the careful study of this magnetostriction, and 
have found how it depends on the temperature, crystal orientation, and 
impurities. The large influence which all these factors exert on this interesting 
phenomenon shows its complicated character and indicates a close connection 
with the peculiar magnetic properties of this metal.

The methods and results of these investigations will be described in a series 
of papers with the same heading. In the first part the balance used will be 
described in detail; in the second part the experimental arrangements for the 
measurement of the magnetisation, and the results of measurements of the 
magnetisation of iron, nickel, some ferrous alloys, gadolinium sulphate, man
ganese and bismuth will be given; in the subsequent parts the apparatus for 
measuring the magnetostriction, and the results of measurements for iron, 
nickel, bismuth, antimony, graphite, gallium and some other substances will 
be described.

All these investigations were carried out with the continuous and valuable 
assistance of Mr. E. Laurmann to whom I wish to express my thanks. The 
balance and other apparatus required for this research needed particularly 
accurate and skilful workmanship, and were made in this laboratory by Mr. 
II. Pearson. I am also indebted to Dr. J . D. Cockcroft for the correction of 
this MS. and for looking through the calculations. My thanks are also due 
to Lord Rutherford for his kind interest shown during the progress of this 
work.

2. D e s c r i p t i o n  oe a T y p e  of S p r i n g  B a l a n c e  for  Me a s u r i n g

the  Ma g n e t i s a t i o n

The most practical method for measuring the magnetic susceptibility (%) 
of para- and diamagnetic bodies of mass m is to measure the force (F) which 
they experience when placed in a magnetic field (II) having a known gradient 
dH/dx

F y m H d l l
d x ( 1 )
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In our case II is of the order of 300,000 gauss, and we may take for dl l j dx  
a value of 30,000 gauss per centimetre. Since the susceptibility, is for most 
substances of the order of 10~6, we get for a gram weight of the substance 
F = 9000 dynes & 9 grams; about 100 times more than the force obtained in 
experiments with an ordinary electromagnet.

If we choose a spring balance for measuring this force, the most important- 
requirement is that the natural period of the balance must be shorter than the 
time during which the magnetic field is applied, i.e., about 0-025 sec. As will 
be shown, if we wish to make this measurement with an accuracy of about 
1-0*5 per cent the natural frequency of the balance used must be about 1000 
to 2000 per sec. Further, it can be shown that in the most efficiently designed 
balance the inertia of the moving parts must be of the same order as the inertia 
of the mass of the investigated body; the balance must be critically damped, 
and finally the strong magnetic fields must have no direct disturbing effects on 
the balance.

The main difficulty in designing a balance which fulfils these requirements 
lies in the extremely large linear magnification of the displacement of the 
magnetised body required. From the classical formula of oscillation it is 
known that the restoring force of a balance per unit of displacement is

/ =  M(27ijT)2 dyne/cm, (2)

so when T  has the value 1/2000 sec, and M  is 6 g, we find / =  9-3 x 108. 
Since z = Flf (3)

and F  is about 9000 dynes, we find the displacement z is 10~5 cm. This very 
small displacement of the point where the body is attached has to be magnified 
about 100,000 times for it to be easily measurable.

In our first attempts to make a balance with such a magnification power, 
we attached the investigated magnetic body to a rigid spring (the best type of 
which was found to be a horizontally stretched wire), and then by means of a 
system of very light levers, magnified the motion of the spring 40 or 50 times, 
thus tilting a very small mirror, which by means of an optical lever, gave us 
another 2000 times magnification. Several balances of this type were con
structed, but not a single one proved wholly satisfactory. The main trouble 
arose from the vibration of the levers, and also from the thermal expansion of 
the levers due to accidental temperature variations which shifted the zero 
position of the balance. Finally, the damping of this complicated system 
offered great difficulties. After a number of unsuccessful attempts, quite a 
different method of magnification, based on an hydraulic principle, was success
fully adopted. This will now be described in its final form.

The detailed drawing of the balance is shown on Fig. 1. The main body of it 
consists of a brass ring (1) fitted to a brass base (2 ), which has in the bottom a 
circular hole. A circular diaphragm (4) made of a thin sheet of hard rolled 
constantan covers this hole and acts as the spring in the balance, to which 
the force produced by the attraction of the body in the magnetic field is applied. 
The diaphragm (4) is pressed to the hole by a brass cover (5) by means of three
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screws (3), the joint being made tight by using two very thin, ring-shaped paper 
washers on both sides of the diaphragm. The cover (5) forms above the dia
phragm an enclosure quite separated from the surrounding space except 
for the circular opening (6) about 1 mm in diameter and 1 mm in length, 
made on one side of the cover. All the space above the diaphragm and above

the cover is filled with oil. I t  is evident that when the diaphragm is displaced 
by a force, the oil is moved through the little hole (6) into the space outside the 
cover (5) and the displacement of the oil close to the hole (6) is larger than the 
displacement of the diaphragm. The magnification is of the order of the ratio 
of the surface of the hole to the surface of the diaphragm. A small square 
mirror (7) 0-9 mm x 0-7 mm is suspended close to the hole (6) in such a 
way that it can pivot freely about a horizontal support attached to its upper 
edge. I t  is evident that the oil moving out of the circular channel (6) will tilt 
the mirror (7), and if a beam of light is thrown through the opening in the 
case fitted with a glass window (8), the spot of light obtained from the deflection 
of the mirror will be displaced. The magnification of this optical lever, if 
the plate is placed at a distance of 78 cm from the mirror, is about 2000, and 
combined with the hydraulic magnification of 50 due to the oil system, will 
give the required figure of 100,000 .

This arrangement provides a most suitable tool for measuring force during 
the required short intervals. The position of the mirror is mainly controlled 
by gravity which tends to restore it to the vertical position. If it is displaced 
it moves only very slowly in oil. I t  appears that during 1/100 of a second the 
tilt of the mirror is completely controlled by the motion of the oil. On the 
other hand, thermal expansion in the metal parts of the balance or of the oil 
itself produces only extremely slow currents of oil round the mirror which do 
not affect its zero position. Thus, since the temperature during 1/100 of a 
second remains constant, this type of balance Avhich excludes all thermal dis
turbances, makes it possible to take full advantage of the short time of experi
ment.
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In order to develop an accurate balance on these lines, several technical 
difficulties had to be surmounted before good results could be obtained. The 
main difficulty is in the suspension of the mirror. This suspension must be as 
frictionless as possible and must have a well-defined pivoting axis. In the 
first balance, we used for suspending the mirror a strip of silver tissue foil 
stuck by one end to the edge of the mirror, the other end being clamped. This 
provided in many respects quite an efficient suspension, but it had the follow
ing disadvantages. First, it was very difficult to fix accurately, since to have 
a definite pivoting axis the three parts of the silver foil have to be made not

0  1 2  3 4 5 mm1 --- .----1__ ,__   I
Scale

Fig. 2. Detailed drawing of the suspension of the mirror in the balance.

longer than 0-2 mm, and even then, after a large displacement of the mirror, 
the sensitivity of the balance could change considerably. Secondly, the fixing 
of the mirror was a very difficult task, since ;f little shellac flowing on the 
suspension made it stiff, and the mirror would not follow the motion of the 
oil. Thirdly, the zero of the balance was not constant, as even the thin silver 
foil still possessed a certain elastic controlling power which might alter the 
displacement of the mirror considerably. This led us to another method of 
suspending the mirror which proved to be more satisfactory. The details of 
it are shown on Fig. 2. The mirror (7) is fixed by means of a very small amount 
of shellac to the middle of the glass rod (9) which is 0T3 mm in diameter and 
about 2 mm long. The rod, which is used as an axis, has its ends slightly 
smoothed by melting in a flame, and is placed in bearings made in two vertical 
constantun strips (10) 0-2 nun thick, fixed in a holder (11). Owing to the small 
size of the mirror wc found it necessary to carry out all this work under a 
binocular microscope. The two circular holes which form the bearings have a 
diameter only 0 02 mm larger than the axis and have to be made accurately 
circular and smooth. Two constantan strips (12) 0-2 mm thick placed bv
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the sides of the strips (10) prevent the mirror from moving sideways. The 
thrust surfaces are well polished. The strips (10) and (12) are fixed in the 
holder (11) by means of two screws as shown on Fig. 1. The two screws (13) 
arc used for pressing together the strips (10) and (12) which are necessary to 
fix the mirror in the holder and adjust the distance between the thrust surfaces 
of the strips (12) so that the axis (9) cannot move sideways in either direction.

The holder (11) to which the mirror and the strips are fixed has a small 
projecting plate which shields the axis and the top of the mirror and protects 
it from the direct stream of the moving oil from the hole (6 ). This we found 
necessary, since if the axis is exposed to a direct stream of oil it might either 
bend sliglitty or move in the bearings, thus affecting the proportionality of the 
balance.

The holder (11) is placed on the cover (5), Fig. 1, which has a rectangular top 
fitting the holder (11). By means of the screw (14), the mirror with the holder 
can be adjusted to lie opposite the hole (6) at the proper height. The clamp 
(15) prevents the holder (11) from sliding sideways on the cover (5) after the 
mirror is adjusted in the middle of the hole. The sensitivity of the balance is not 
much affected by the height of the mirror, but the best results were obtained 
when the bottom edges of the mirror were just slightly below the centre of the 
hole (6 ). The front wall of the balance (16) is made with a hole to which a 
convex lens (8 ) is fixed. The whole wall (16) can be slightly tilted round its 
bottom edge in such a way that the inside flat plane of the lens is made parallel 
to the plate of the mirror. This is necessary to get an achromatic spot from 
the mirror in order to obtain a well-defined line on the photographic plate.

For zero adjustment of the spot a set of achromatic prisms (17) is used, 
which are placed in front of the lens, so that by choosing a suitable prism it is 
possible to bring the image on to the required part of the photographic plate.

Care must be taken in putting the balance together to use only clean and 
dry oil, and more important still to see that no air bubbles are left in the side 
of the cover (5), as this can completely upset the working of the balance. The 
oil is therefore boiled, and then, keeping it at a temperature of about 50°, all 
the parts of the balance assembled together are placed in the oil. This is 
advisable since, owing to the reduced viscosity of the warm oil, the air bubbles 
leave the parts of the balance and the oil itself quite easily. 3

3. T he  D e s i g n  of t h e  B a l a n c e

As the motion of the oil above the diaphragm and the way in which it tilts 
the mirror is a very complicated hydrodynamical problem, it is useless to 
attempt to study it theoretically. The method which we have chosen to design 
the most efficient balance is based on the principle of similarity; thus, at first 
a balance was designed from approximate calculation, and afterwards its pro
perties have been studied experimentally. From these data a balance to suit 
any experimental requirements could be accurately designed.

Let us call the diameter of the constantan diaphragm a, and the diameter 
of the opening before the mirror d. The displacement of the bottom edge of
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the mirror is then proportional to the displacement of the diaphragm Z 
magnified E'  times, where

E' (3)

A'  being a coefficient of proportionality which depends in a complicated way 
on the motion of the oil. The magnification due to the optical lever E"  is, 
if Ave take the Avidth of the mirror e to be proportional to the diameter of the 
hole and call this coefficient of proportional^ a,

E"  =  2Lle =  2Ljad,  (4)

Avhere L  is the distance from the mirror to the photographic plate. The com
plete magnification power of the balance E  will then be

2A 'L  a2 
a d3 ' (5)

In the balance used Ave had the folioAving dimensions: a =  1 cm, L  =  78 cm, 
e = 0-07 cm, d =  0-1 cm. By a method to be given in Part III  Avhere the 
extensometer is described, we find E =  1-02 x 105. We thus find A'  =  0-46 
and E' — 46.

If a mass m' of the substance is suspended and the force per unit mass is F ' , 
the total force is equal to F = F 'm'  dynes, and the displacement of the dia
phragm will be

z = B F ' m' a2
h3 (6 )

h is the thickness of the diaphragm (in our balance 0-011 cm), Avhilst the 
coefficient B  only depends on the clastic constants of the material of the dia
phragm and the ratio of the outer diameter, a, of the diaphragm to the dia
meter, b, of the inside brass disk, Avhich is soldered to the middle of the dia
phragm and to Avhich the force is applied. This ratio a/6 in our balance Avas 
equal to 1-8, and if we keep it constant the value of B  wil 1 be independent of the 
size of the balance. The value of B can be estimated from the theory of elasticity,3 
but a more accurate determination can be made experimentally. By loading 
the balance by knoAvn Aveights and measuring the deflection on the plate Z, 
and dividing by the magnification poAver E  avc get z and from (6) AA’e get B. 
In our balance B =  6-2 x 10~15 em/djmes. The sensitivity of the balance is 
given by the folloAving equation, relating the deflection of the spot on the 
plate to F'

Z = Ez z =
a h3 d3 (7)

The next point to consider is the natural frequency n of the balance, Avhich 
is, after (2)

n2 =  1/T2 =  / /4jt2 J / . ( 8 )
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The restoring force / of the balance is evidently ml F'jz which can be obtained 
from (6)

1 h3
~B'~a2 '

The inertia mass M  is the sum of the mass m' of the body M',  the mass m" of 
the suspension and the inertia m'" of the oil in the balance. I t  can be shown 
that to obtain the maximum efficiency of the balance the following relation 
between these masses must hold: m"  =  ml", and ml =  m"  -f ml", when we 
get

M = 4m '" ml =  2 m " '. (10)

The inertia of the moving oil, ml" , cannot be accurately estimated unless wre 
can solve the hydrodynamical problem of the motion of the oil. To this very 
complicated problem only an approximate solution can be obtained. I t  is 
evident that if the motion of the oil were uniform in the space above the dia
phragm the contribution of different layers of oil to the inertia of the balance 
would be inversely proportional to their cross-section; thus most of the inertia 
mass is contributed by the oil in the circular channel before the mirror. The 
effective mass in the channel may be written (y n pltyd2, where y is the specific 
weight of the oil and p is the effective length of the channel. (We take it to 
be twice the length of the channel which is, in our balance, 0T cm.) The 
effective mass will then be m"' — \ E ' 2y 71 p d2 or, replacing E'  from (3), we 
get

m"' = j A ' 2y p ^ .  (11)

For our balance m'" is estimated to be between 2 and 3 g. From the equations 
(7), (8), (9), (10) and (11) we get

£  =  ~ r r  |jF, (12)
a

and

n* 4in3 B A ' zy p

h3 d5

h3 d2
(13)

The term in the brackets in formulae (12) and (13) may be regarded as constant 
for a definite family of balances and their numerical values can be determined 
from an experimental examination of one balance. We shall call them K  and 
N  so that we get

Z =  KF'  • h3 d5 ’
(12b)

n2 N h3 d2 (13b)

In designing a balance we are free to choose the value of h, the thickness, 
a, the diameter of the diaphragm, and d, the diameter of the hole (6), Fig. 1. 
We have to do it in the following way: the deflection Z is fixed by the size of
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the photographic plate and the accuracy of measurement required. On the 
other hand n, the frequency, has to be made as large as possible. Of the three 
quantities, Ji, a and d, h may be eliminated from the equations since in practice 
we are not limited in its choice, and we get

f> ICF'N\  a2 
Z ) ' 1 F ' (14)

From this we see that to make n as large as possible, having fixed values for 
the terms in the bracket, it is preferable to make a balance with a large dia
meter diaphragm and a small mirror and hole. Thus we must choose the mirror 
to be as small as is practicable. In our choice of a we are limited by the 
fact that large values of a require a large mass for the magnetised body ml, 
as appears from equations (10) and (11). The formulae (12) and (13), com
bined with the experimental data for b and a obtained for one balance give us 
all the necessary data to design a balance of any dimensions and to answer 
the requirements of a particular experiment.

In practice it is impossible to fulfil strictly the condition of equality of the 
masses given by (11), as the same balance has to be used for studying the 
magnetisation of a number of bodies which may have a large variation of 
susceptibility. For instance, in our investigation of iron, we used only 0-005 g 
compared with 0-4 g for bismuth. Also the glass rod which connects the studied 
body with the diaphragm must be made sufficiently rigid to prevent vibration. 
If the rod taken was too thin, longitudinal oscillations were set up wdiich 
could be seen on the oscillograms; this requires a minimum weight for the 
rod of the order of 2-3 g. Thus all the results deduced from these formulae 
actually only give the general method for the design of a balance, and each 
case has to be considered in more detail on its merits.

The next point to consider is the damping of the natural vibration of the 
balance. I t  appears that the main part of the damping is due to the motion 
of the oil through the small hole (6 ), Fig. 1, opposite the mirror. To have the 
motion of the balance as nearly critically damped as possible we can only adjust 
the viscosity of the oil since the dimension of the hole is usually fixed. We 
found it always possible to make an oil of the required viscosity if we mixed 
two kinds of paraffin oil, one of high viscosity and the other of low viscosity. 
The oil used in our balance had a viscosity equal to 0-63.

4. T he  E x a m i n a t i o n  of t h e  B a l a n c e

Before use in magnetisation research, the balance was carefully studied to 
determine its constant and to clear up several doubtful points. For this purpose 
a weight was suspended from the diaphragm by a silk thread and then suddenly 
lifted by means of an electromagnetic device which was timed with the falling 
plate of the oscillograph. Three of the oscillograms so obtained are shown 
in Plate 24. Nos. 1 and 2 are taken for weights of 2-382 and 4-740 g 
respectively; the oil in the balance was of such a viscosity that the motion was 
very critically damped. Oscillogram No. 3 was taken rvith the balance filled with
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less viscous oil, in order to estimate the natural frequency of the balance 
from the few oscillations which appear on the oscillogram. The natural fre
quency will be somewhat higher than that directly measured on the oscillo
gram as the damping increases the time of oscillation. From similar oscillograms 
we first verified that the deflection of the balance is proportional to the weight 
which is lifted within the limits of the errors of measurements of the oscillogram, 
namely, 0-5 per cent. Secondly, experiments were made with very small weights 
to verify that there was no static friction in the motion of the mirror which 
would make it unresponsive to small displacements of the oil. No such effect 
could be traced. As can be seen on the oscillograms, after the deflection is 
reached, the mirror remains stationary on the plate, showing that the influence 
of the gravity control on the mirror is excluded as a possible source of error. 
The other possible source of error is that the acceleration force due to the 
inertia mass of the glass of the mirror having a higher density than the sur
rounding oil, may retard the motion of the mirror relative to that of the oil 
during a rapid deflection. A simple calculation shows that this acceleration 
force is in most cases much larger than the possible friction of the axis of the 
mirror in the bearings or the force of the gravity control. To reduce this 
inertia force to the smallest possible value, the mirrors used in the balance had 
a thickness of only 40 jx, but to make sure that the influence of this accelerating 
force is excluded the following check experiment was made: the same weight 
was unloaded from the balance, first more or less gradually and then very 
rapidly. If such an effect was large the final deflections ought to be different, 
but in the two experiments the deflections were found to be equal within 
limits of 1-2 per cent. I t  is thus clear that the influence of this effect on the 
accuracy of the balance when used for magnetisation measurements, where 
the curves are much smoother, must be negligibly small.

The other possible source of error is that the shape of the stream lines of the 
flow of the oil from the hole depends on the way velocity of the oil changes. 
This would mean that in equation (3) A'  could not be regarded strictly as a 
constant. The results of the experiment with slow and quick unloading given 
above, also seem to exclude the possibility of this error being appreciable.

By measuring the amplitude of the deflection, and dividing by the weight 
in the experiments of unloading the balance, we find the sensitivity of our 
balance to be about 0-50 cm deflection on the photographic plate per gram 
load. The natural frequency of the balance estimated from (8), using (11) 
to give the approximate value for the mass of the oil, was 1300 per sec un
loaded, and with a load of about 3 g, 900 per sec. The natural frequency was 
also measured approximately from oscillograms similar to that on Fig. 3 
taken with less viscous oil, and as might be expected, it agrees closely with the 
frequency deduced from the approximate theory.

Finally, it is worth mentioning a few other properties of the balance. When 
the diaphragm is pressed up, the oil is forced out of the cover by means of the 
compression force, but when the diaphragm is pressed down, the oil is forced 
into the chamber by the atmospheric pressure. No vacuum can be formed 
in the chamber unless a sudden force is applied to the diaphragm exceeding
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that of the atmospherie pressure (800 g) and it is evident that this force is far 
larger than that for which the balance is designed (10 g), and we can thus be 
quite sure that the oil follows the motion of the diaphragm whether it is dis
placed upwards or downwards.

In working with the balance it was found essential to bring it to its “ natural 
zero” before starting to experiment. After the balance is assembled and the 
weight is suspended and slight kicks are given to the balance the spot makes 
oscillations and the zero gradually shifts. Finally it eomes to a position at 
which it does not shift any more, and this position we call the “ natural zero. ” 
If the precaution is not taken, then the shift of the zero may occur during the 
experiment. I t  took some time to discover that this precaution was neeessary, 
and it can be seen that on some of the oscillograms there is a slight displace
ment of the zero position after the experiment.

I t  may also be mentioned that it is rather important to haven the strips (12), 
Fig. 2, which form the thrust surface, as close as possible, so as to restrict the 
sideways motion of the mirror, but not so close as to produce a pressure on the 
axis and introduce a friction. This adjustment is made by the screws (13).

A troublesome property of the balance is that when a weight is attached to 
the diaphragm the balanee acts as a most sensitive seismograph, recording 
even the most minor disturbances in the room. In order to avoid these dis
turbances we found it essential to place the balanee on a massive slate plate 
suspended from the ceiling by means of four thin bronze wires. I t  is possible 
that advantage can be taken of this property of the balanee to use it as a 
simple and very sensitive seismograph. The formulae and data given above 
supply all the information necessary to design a balance suitable for use in 
recording seismological disturbances.

5 . T h e  I n f l u e n c e  o f  t h e  I n e r t i a  o f  t h e  M o v i n g  P a r t  o n  t h e  

A c c u r a c y  o f  R e c o r d i n g  o f  t h e  B a l a n c e

As the full natural period of the balance T  is 1/900 sec, it is only about 
twenty times smaller than the time, 0-0215 sec, during which the force is 
applied to the balance, and during which the whole of the curve of the deflec
tion of the balance is traced. The accuracy of the experiment may therefore 
be affected by the influence of the inertia of the moving masses of the balanee. 
In this section we shall discuss this question and show how, by measuring the 
oscillograms in an appropriate way, this effect may be practically eliminated. 
The problem may be stated as follows: a force F, as given by the equation 
(1), acts on the diaphragm of the balanee. This force produces a deflection Z 
of the spot on the photographic plate which is E  (the magnification) times 3, 
the displacement of the diaphragm.

Z = E z. (1 5 )

Now, in an ideal case, when the inertia of the balance would not interfere we 
should have from (3)

* =  -*7/, (16)
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where /  is the restoring force of the diaphragm. We have then F  =  f jEZ 
so that by measuring Z on the plate for different values of the magnetic field, 
we determine F as a function of H. Actually instead of (16) we get a more 
complicated connection between F  and z as they are both functions of time. 
We have the classical equation for the forced motion of an elastic system, 
namely,

M % r  +  r T T  +  i ’ - F ®-  (17a>
where M  is the effective mass of the balance and the suspended body (sec (10)), 
and V the coefficient of friction. This equation can be solved when F(t) is a 
simple function of time, but in our case this is more difficult, for if the body is, 
for instance, paramagnetic and below saturation, then F  (I) is proportional to 
H 2, namely,

F(t) =  y H 2. (18)

In a stronger field the body gets saturated, and we have F(t) proportional to 
H, that is

F{t) =  8H.  (19)

Between these limits F (t) is a most complicated function of H. On the other 
hand, H  can be represented approximately by a sine curve during the impulse 
of the current in the coil

H = H0 sin (2 n t/r). (20)

Thus the complete solution of equation (17) applicable to experimental
conditions is very complicated. However, as the influence of the inertia is 
small, we can obtain a general solution which will enable us to estimate the 
corrections to the solution (16) for any practical function F(t).

First, we simplify (17) in the usual way by dividing both sides by M  and by 
introducing the following standard abbreviations

F(t)IM = U{t); VIM =  2A; //M  =  x2. (21)
We then get

d2 z „ „ dz_  + 2 ; . _  +  * * 2 = (/(«). (17b)

We limit ourselves to our practical case where the balance is critically damped 
when

* 2 _ ; , 2  =  o. (22)

The general integral of (17) can be written
t

z = t + C2) +  c~Ht J  c*‘ (t -  f) U(i) d | ,  (28)
o

where Cx and C2 are constants of integration. To evaluate the integral we 
introduce the following new variable

!/ =£  — t. (24)
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and obtain for the integral term

I  = f  e*v y U(y +  t )dy.  

Integrating by parts, and taking into account that

I e*v(H y _  n) dy =  — e*y\x y -  (n +  1)] 
J X

we get
1

/  =  -  x x x“ UW( y+ t )

(25)

(26)

eyv.

(27)

Introducing the limits of integration, we get 

2 =  e~xt{C11 -f C2)

A x  -f  1

_L c/ ( , ) - £ / ' ( < ) +  ^ - £/"(()••■

— e - xt
X‘

17(0)

x‘ ' ' x
t x  +  2

xr
U'(0) + t x t  -■ ff"(0) (28)

If we assume that the initial conditions are that t =  0, z =  0 and dzjdt  =  0, 
and return to our original function F  by (21), we get

z f  = F ( t ) - - F ' ( t ) + \ F " ( t ) ------yc ye*

— e - >tt (tx + 1) P ( 0) -  — +— P'(Q) 4
x

t x  + 3 P " (0) (29)

We see that the correction consists of two terms, the second being an exponential 
one in which evidently F(0) =  0 , as in the beginning II  = 0, and there is no 
force acting on the balance. This correction is thus reduced to

A F cxp =  C - * ‘ , * + 2 Jr (o)-.!iL ±ir'(0)
X

(30)

and as will be shown later by numerical examples, owing to the exponential 
e~XL, ZlICXj,is negligibly small very soon after the beginning of the deflection. 
The main error is produced by the part which does not contain the exponential 
and this, using the Taylor expansion formula, can be written from (29) with 
sufficient approximation

2 / =  f ( / - - )  +  I f ' ( 0 .  (31)

This formula gives us a very important general result of great practical value 
for our measurements. Apart from a small correction term

A F = — F"(t) (32)x*

the curve drawn by the ordinate z relative to the abscissa time t is the same as that of 
the force F, but is shifted by the time At  =  2 fx independently of the way in which
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the force F  depends on the time (provided, of course, that the series (20) 
converges, which is the case for most physical problems). Actually, from (19) 
and (2 ) we find that

At  = 2/x =  T/n.  (33)

This means that the shift of the curve is approximately one-third of the com
plete period of natural oscillation of the loaded balance. On the oscillogram 
No. 3, Plate 24, we see that the full period of damped oscillation occupies about 
2 mm on the plate. The actual period is evidently less, so that the shift of the 
curve on the oscillogram will be less than 0-7 mm.

Before considering a general case let us consider the two cases (18) and (19) 
mentioned above. For a paramagnetic body we get from (18) and (20)

Fp = y III sin2 (2 n t/r) , (34)

where r  =  0-043 sec, twice the time of our impulse. Then we get from (15), 
(31) and (33) by differentiating (34)

z  E y l l l 2 re 2 T \  2 T2 2 rt sin2 1--- 1 --------- I H------— cos---- t (35)

Taking T = 0-0011 sec we find that the shift 2 1 jt  i s  ecjpal to 3
For the sake of clarity the curve Zp is graphically represented in Fig. 3 as 

it actually occurs in practice in our oscillograms. The abscissa is the time

running from the right to the left; the line below represents the magnetic 
field as recorded by the oscillogram of the current in the coil; the curve Z is 
shifted in phase by /Jf which is exaggerated about three times for the sake 
of the clarity of the drawing. In the following Table 1 we have calculated
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the ratio of the correction term A F  to the applied force Fp for values of H  
ranging from 0-1 of the maximum H0 so that FpjFpmax varies from 0-01 to 
unity.

We see that if we limit ourselves to measurements on the oscillograms where 
the range of HjH0 varies between 0-3 and unity, the error in measuring Fp

Table 1

/ / / / /0 0 1 0-2 0-3 0-4 0 + 0-6 0-7 0-8 0-9 1 0

F  p/^pmax 0 0 1 0 0 4 0 0 9 0 1 6 0-25 0-36 0-49 0-64 0-81 1 0

A  F p I F j ,  X 100 +  13 +  3-1 +  1-2 +  0-57 +  0-27 +  0 1 2 +  0 0 1 - 0 0 6 — 0 1 — 0 1 3 5

^  ^pexp/-fp X 100 -f 1-7 <  +  000 1 - - - — - - — -

will not exceed 1-2 per cent. Actually, when the field is 0-3 of the maximum, 
the amplitude of Zp is only 0-09 of its maximum value, and the error in measur
ing such a small deflection on the oscillogram sets the limit of accuracy. Thus 
if the maximum field is 280 kG (as in most of our present experiments) we 
can study the magnetisation from one single oscillogram within an accuracy 
of 1 per cent in the range between 85 and 280 kG. In cases where the magnetisa
tion in lower fields had to be studied, another oscillogram with a smaller 
maximum value of II0 was taken.

To justify our assumption about the smallness of the exponential correction 
A F pexp as given by (30), we have also included its numerical values in Table 1, 
and we see that even for small values of II it is negligible in comparison with 
the correction A Fp.

If we consider the force Fd on a ferromagnetic or a saturated paramagnetic 
substance, we have from (19) and (20)

Fd = 8 II0 sin (2 7i tjx) (36)

and we get from (31)
E 8 H0

f
sin 2 n t 

r
2 T  
x

2 Tit'
x (37)

in this case we see that the correction follows the same curve as Fd, and 
throughout the curve is equal to 0-05 per cent. The correction due to the 
exponential term A Fllcxp is in this case practically the same as in the previous 
paramagnetic case.

This case is represented by the curves Z in Pig. 3, in a way similar to the 
previous one.

Wc may consider now the most general case for F(t). From the expression 
(31) we see that the correction term A F  is closely related to the curvature of F 
plotted against t as in Fig. 3. The radius of curvature of our curve F(t) is 
given by

1 F"(t)
J  ~  [1 +  F 'H O F 2 ’
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and from expression (32) we get

1 x M i 1
^ [ 1 + F 2 ( i ) ] 3 / 2 '  ( 3 8 )

This shows that in the part of the curve where F'  (t) =  0, namely, at the top 
and at the ends of the curve, the radius of curvature is inversely proportional 
to the correction A F. This also means that when the radius of curvature is 
large and the curve approaches a straight line, there are no corrections to 
introduce. Expression (38) also indicates that the largest corrections are to 
be expected in places where the curvature of the line is the greatest, and a 
more accurate estimate of the correction term may be made by measuring 
the slope and the radius of curvature of the curve on the oscillogram at a 
definite point. However, in practice this is found to be unnecessary. The cases 
in which we are practically interested, namely, a transition from a para
magnetic to a saturated state, lie in between the two just considered, and are 
approximately represented by the curve Z.

I t  is evident that the process of saturation must be a gradual one. The 
curvature of the line Z  must be less than if the substance, instead of becoming 
saturated, should follow the paramagnetic curve Zp. As we have seen that in 
the above range of magnetic fields the inertia correction for paramagnetic 
cases fulfils the required accuracy for the experiment, we can be sure that in 
the case of saturation the error due to the inertia of the system will be even 
smaller.

Another way to apply the expression (31) to estimate the error in Z, when 
F(t) is any function of the time, is to develop the function F  in a Fourier series

t, , . t-,  ̂ • 2 n n t
I  (0 =  -An Sln---------*

The coefficient A  may be determined either graphically or analytically, when 
Z  may at once be obtained from (31)

Z j Z A n 1 - n T
x

sinw
2 n t

X
2 T

From this expression it is evident that to a first approximation all the terms 
of the Fourier series will have the same phase shift 2Tjx, and the coefficient 
A n will be diminished. The correction will depend on the order of the term, 
and gradually increases as the term becomes of higher order, and, as we should 
expect, for high harmonics when the period of time approaches that of the 
balance the formula will not hold any more. If the coefficients in the Fourier 
series converge sufficiently rapidly and only a limited number of terms are 
required to represent the function F  with the required accuracy, the formula 
(31) can still be successfully used. From these formulae it is also evident that 
the accuracy of the experiment will in all cases depend on the square of the 
ratio of the period of the balance to the period of the harmonics examined.

In the later sections of our paper we shall show how the general results of 
this section are used for actual measurements of the oscillograms.
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P a r t  I I .  T h e  M e a su re m e n t o f M a g n e tis a t io n

1. T h e  E x p e r i m e n t a l  A r r a n g e m e n t s

The balance described in Part I  of this paper was found to be quite suitable 
for measuring the magnetisation of most substances. The experimental arrange
ment, by which it was used for measuring magnetisation in strong magnetic 
fields, is shown in Fig. 4 .2

A thin-walled quartz or glass tube (19) is suspended below the diaphragm 
(4) of the balance; the tube is divided into two parts by a small neck, the top

t
Fig. 4. The coil, and the suspension of the magnetised body.

part being filled with the substance to be investigated (20). The lower part 
of the tube was introduced merely to compensate the magnetic force Avhich 
acts on the top p a rt; in this way the corrections due to the magnetic properties 
of the suspension were reduced to a minimum. If the substance (20) was 
diamagnetic it was placed below the centre of the coil; if paramagnetic it was 
placed above the centre; thus the force to be measured by the balance always 
acts downwards. This is necessary as in most cases, even with weakly dia
magnetic substances, the force was larger than the weight of the glass tube with 
the substance.
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The rod (19) was attached to the diaphragm of the balance by means of a 
small brass ball made in one piece with a brass cap (18) which was shellaced 
to the glass rod. This brass ball fitted into a slot made in a brass appendix 
soldered to the diaphragm (4), thus providing a universal joint so that the 
glass rod always took up a vertical position. The balance itself (not shown in 
Fig. 4) was placed above the coil on a solid slab of slate by means of levelling 
screws which made it possible to adjust the height of the balance above the 
coil. The slab was suspended by four phosphor-bronze wires making a vibration- 
less suspension which was necessary, because, as stated before, the balance 
acts as a very sensitive seismograph. The glass rod (19) is surrounded by 
double walled glass tubing (21); water was kept running between the walls 
of this glass tube thus keeping the inside of the coil round the substance 
examined at a constant temperature, and protecting the substance from being 
heated after the experiment, when the temperature of the coil may rise to 
140°C.

Later on we made a few measurements at lower temperatures, and in this 
case, instead of the water jacket, the glass rod was surrounded by a similarly 
shaped vacuum tube, the bottom of which was open and connected to a Dewar 
vessel which contained liquid nitrogen. By means of an electric heater, cooled 
nitrogen gas was evaporated and made to flow round the substance, thus 
cooling it down to within 2° or 3° of the temperature of liquid nitrogen (the 
complete description of this method will be given in Part I I I  of this paper). 
The use of a gas cryostat was found to be necessary, since if the tube was 
directly immersed in liquid nitrogen, the shaking produced by the boiling 
seriously disturbed the deflection of the balance.

The coil (22) used for this set of experiments was different from that used 
for resistance measurements and described in a previous paper.2 The general 
design was very similar, but we found it convenient to increase the inside 
space in the coil where the field was produced. In our new coil the inside 
diameter was 1-4 cm instead of 1 cm as before. This necessarily lowered the 
range of magnetic fields which could be produced, the maximum field obtainable 
with this coil being 280 kG instead of the previous 320 kG.

The image from the mirror of the balance is directed on to a horizontally 
moving photographic plate, on which the displacement of the light spot from 
the balance is recorded (see curve F  of the oscillograms, 4-9 on Plates 25, 
26, pp. 392-3. By means of an electrical release and a certain timing apparatus 
the plate passes the place where the images are thrown at the correct moment 
in the experiment. On the same plate the current through the coil is also 
recorded (see curve I on the oscillograms). The current was recorded by means 
of an oscillograph similar to that used in our previous experiments,1 the only 
difference being that the magnetic field in this oscillograph was produced 
with a permanent magnet made of tungsten steel. A fraction of the beam from 
the arc which supplied the light to the balance was deflected by means of a 
mirror on to the oscillograph, from which the reflected light was thrown by 
another mirror on to the photographic plate. The oscillograph was so adjusted 
that the spot of light produced on the plate moved in the same line as the 
13*
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spot produced by the balance; in this way, having the two curves on the same 
photographic plate, it was quite easy to measure the deflection of the balance, 
and the corresponding simultaneous deflection of the current oscillograph as 
they were both on the same vertical line.

The Performance of the Experiments and Measurements

The general way in which the experiments were conducted was as follows: 
the required amount of the substance was first cleaned from all possible traces 
of iron on the surface; in most cases when it was possible this was done by 
washing the substance in diluted hydrochloric acid. The substance was then 
placed in the tube which had been carefully cleaned of any traces of iron. The 
tube was weighed on a microbalance before and after insertion of the substance, 
and in this way the amount of the substance used was determined.

The tube was then connected to the balance which was placed on the slate 
above the coil. The glass rod was adjusted centrally in the opening of the 
coil by moving the balance on the slate table. The zero of the spot of light 
from the balance was adjusted on the photographic plate b\T means of prisms, 
and made to move in the same line as the spot from the oscillograph. Before 
using the maximum magnetic fields available the experiments were made with 
smaller fields (about 70 kG); this was necessary in order to adjust the deflec
tion which will occur when the maximum field is used. If in this preliminary 
experiment it was found that the deflection was too small or too large it was 
always possible, by lowering or lifting the balance by means of the levelling 
screws, to move the balance into the region of the coil where the gradient of 
the magnetic field was either larger or smaller. The gradient of the field inside 
the coil is zero exactly at the centre, and increases gradually towards the ends 
of the coil. In practice we found that it was not advisable to work in fields 
with a small gradient close to the centre of the coil, as in this region the varia
tion of the gradient is rather large, and a small shift of the substance may 
easily bring it to a place which has a different gradient, and in case the rod 
has to be removed and replaced, it is very difficult to ascertain that is has been 
put back in exactly the same place.

The oscillograms taken were measured in the way described previously.4 
The measurements of the deflections were made by an ordinary rule after the 
oscillograms had been magnified about three times. The maximum amplitude 
of the magnified oscillograms was about 100 mm and the accuracy of measure
ment was within about \ mm. This gives, in the region of the deflection be
tween the maximum and 1/10, an accuracy ranging from 0-25 to 2-5 per cent; 
this was considered to be sufficient because, as was shown in the previous part, 
owing to the inertia of the moving parts of the balance, the estimated accuracy 
in the above region of deflection was of the same order.

In the measurement of the oscillograms, account was also taken of the phase 
shift which occurs as described in the last section of the previous part. The 
phase shift was very small, and could be traced graphically; as a matter of 
fact, it was not found to be constant, this being mainly due to the error in
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setting the two images from the oscillograph and the balance to move in a line. 
Any inaccuracy in the adjustment would also produce a phase shift. By taking 
account of the phase shift graphically, the correction was introduced for 
rectifying the phase shift occurring from both sources. The graphical method 
of finding the phase shift was to find for two equal values of the current, slightly 
before and after the maximum current, two equal deflections of the balance 
which would be displaced by the same amount. This phase shift was then 
taken in the measurement of the whole of a single oscillogram. The slight 
difference in the values of the balance deflection for the same current, obtained 
on the rising and falling parts of the oscillograms were averaged, and the mean 
deflection was obtained in this way for different magnetic fields. From them 
the variation of the magnetisation with the magnetic field could be studied.

At present only relative changes of the magnetisation with the magnetic 
field have been studied; it is evident that there is no special interest attached 
to making absolute measurements, as they can be made much more con
veniently by experiments in permanent fields obtained by means of electro
magnets, and the absolute values of magnetisation can, in this way, be measured 
for fields up to 30 kG. Taking this value as a starting point, we can extend by 
means of our methods the study of magnetisation changes to fields 10 times 
stronger.

2. S o u r c e s  oe E rro r

In order to check the accuracy of the experiments a careful study of the 
sources of error had to be made, particularly as the performance of the experi
ments in such a short time necessarily involved some difficulties. We will 
first consider the general errors which depend only on the actual experimental 
arrangements used.

In the first place, it was possible that the balance itself might be influenced 
by the magnetic field; this was easily checked by taking oscillograms of the 
deflection of the balance when the glass tube (19) was removed. The oscillo
grams showed that there was no trace of deflection, indicating that no error 
arose from this cause. A possible error may arise from a displacement of the 
substance in the field during the experiment; this can easily be shown to be 
negligible as the maximum value of the displacement was only 10~4 mm, and 
the variation of the magnetic field and of the gradient in such a small length is 
so small that the error produced comes well within the limits of accuracy of our 
experiments. The proportionality of the deflection of the balance to the force 
applied has already been examined and described in Part I, Section 4, and it 
has been shown that if the balance is properly set, this error is also within the 
limits of the accuracy of the measurements of the oscillograms. In the case of 
the balance not being brought to the “ natural zero” as happened in some of our 
earlier experiments when all the properties of the balance were not sufficiently 
known, a small zero shift occurred which can be traced on some of the repro
duced oscillograms. Even in this case, if the zero line be taken as the straight line 
connecting the beginning and the end of the curve of the oscillogram, it appears 
that the accuracy of the measurement is still within 1 per cent.
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One of the sources of error which appeared to be of great importance was the 
influence of the magnetic field on the oscillograph. As has already been de
scribed, the current oscillograph traces a line on the same plate as the balance, 
and this made it impossible to keep the oscillograph sufficiently far from the 
coil, and we found that the magnetic field of the coil affected the magnetic 
field of the permanent magnet of the oscillograph during the time when the 
current wave was recorded. The magnitude of this effect was easily determined 
from an oscillogram which was taken while a constant current was passing 
through the oscillograph, and the magnetic field was produced in the coil. 
In this way, it was found that the magnetic field in the oscillograph was slightly 
increased, and this increase was proportional to the magnetic field in the coil; 
as this error was apparently quite constant for a definite position of the coil 
and the oscillograph, the deflections of the current oscillograms were easily 
corrected, the correction being proportional to the magnetic field, and at its 
maximum value, in the worst cases, reached a value of about 4 per cent. With 
this correction we estimate the accuracy of the measurements of the magnetic 
fields to be within 0-5-1 per cent.

The next important source of error to be considered was the magnetic effect 
of the glass or quartz rod (19). As has been previously stated, the shape of 
the rod was chosen to be such as to produce as small an effect as possible, and 
actually, at room temperature, the effect from the rod was never more than 
1 or 2 per cent of that produced by the substance under examination. The 
correction could, therefore, be accurately determined by measuring the force 
on the rod without the substance. However, at low temperatures the correction 
for the rod in certain cases was quite considerable, especially where a glass 
rod was used instead of quartz. I t  appears that our glass was paramagnetic, 
and its susceptibility depends on the temperature. When the rod is cooled 
down, with the gas cryostat used it was impossible to get a uniform tempera
ture along the whole of the rod, the lower part being slightly cooler than the 
upper; therefore the magnetisation of the lower half of the rod was not equal to 
the magnetisation of the upper half, so that the forces on the two did not 
cancel out. Using glass rods, this produced a considerable effect at low tempera
tures. However, after realising this effect the use of glass rods was discontinued 
and quartz rods only were used in then' place. Even in the cases when glass 
rods were used the correction was easily made since it was found that the 
force on the glass rod was strictly proportional to the square of the magnetic 
field.

From a general consideration of all possible errors, combined with the error 
due to the inertia of the moving masses in the balance, the relative error of 
measurement for one single oscillogram could be quite fairly estimated to be 
within 1 or 2 per cent in the range of magnetic fields before indicated. In 
comparing different oscillograms taken for the same substance the accuracy 
is probably lower, as in this case the general conditions of the experiments may 
vary. Thus, in comparing two different oscillograms of the same substance 
when no special precautions had been taken to keep the conditions the same, 
the error in most cases was not higher than 2-k per cent.
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Stray Effects

Two main stray effects have to be considered. The first is the influence of the 
presence of impurities in the form of ferro-magnetic substances, mainly iron, 
in the substance used for experiment. I t  is well known that even a small 
amount of such impurity, if it is in a free condition, may completely alter the 
magnetic properties of a weakly magnetic substance. However, in our experi
ment, the influence of a definite amount of iron is much smaller than in a 
corresponding experiment made in the weaker field produced by an electro
magnet. In the range of our magnetic fields, namely between 20 and 300 kG, the 
stray magnetisation not only has a smaller value relative to the total magnetisa
tion compared with that in weak fields, but, as the iron present in the sub
stance remains fully saturated all the time, its stray contribution to the magneti
sation remains constant, and this makes its elimination comparatively simple. 
I t  will be seen from the description of the experiments on some ferrous, non
magnetic alloys, how it was possible to separate the paramagnetic and the 
ferro-magnetic parts of the magnetisation.

Another important stray effect arises from the eddy currents produced in 
the substance by the variable magnetic field when the substance under in
vestigation is a metal with a high electrical conductivity. The influence of these 
eddy currents is manifested in two ways: first, a dynamic effect is produced, 
and secondly a thermal effect which heats the substance. The first effect is a 
force on the substance resulting from the interaction of the magnetic field and 
the eddy currents. We shall call this force Fi .

To estimate the magnitude of F; we shall assume, as before, that the magnetic 
field H  changes as a sine function of the time, and the magnetised body we 
take to be a cylinder of outside radius r and height h, placed in the coil with 
its axis parallel to the axis of the coil. We consider an elementary ring of cross- 
section da; x dr. If I  is the density of the induced current and Hr is the 
radial component of the magnetic field, this ring will be submitted to a usual 
force equal to

dFi  =  I H r 2 n r  . d x  . dr .  (38)

If we assume that in the plane of the ring considered the variation of the 
magnetic field is small, and no skin effect occurs in the range of frequency of 
our experiments, we get for the density of the induced current

r d H
2^ “d T ’

(39)

where H  is the axial component of the magnetic field, and q the specific resis
tance of the metal. In  case of axial symmetry a simple relation between H r 
and H  can be deduced from the standard properties of the potential field.

Hr
r d H
2 da;

(40)
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Then, from (38), (39), (40) and (20), after performing the integration for all 
the cylinder, and writing v =  n h  r2 for the volume of the cylinder, we get

Fi =
v r
4p

2 H i H ° 7i . 2jtt  2 jit— sin----- cos------
X T  x

(41)

On Fig.3 we have plotted the curve Ft which represents the force Fi.
I t  can be seen from (41) as well as from the curve on Fig. 3 that the force F t 

due to the induction effect is zero when the magnetic field reaches its maximum 
value, but before this maximum value is reached, when the current in the coil 
is increasing, the force Ft has a negative value; this means that the stray effect 
in this region has the appearance of an additional diamagnetism. After the 
maximum field when the current through the coil decreases, the curve of F t 
has the same general shape as before the maximum, but with the opposite 
positive sign. This shape of the function F { makes it possible to eliminate it 
from the total force, when the force is small, by taking the mean value of the 
balance deflection for equal magnetic fields measured on the increasing and 
the decreasing sides of the current wave. As has already been mentioned in 
the previous section, this was the standard procedure adopted for measuring 
the oscillograms.

In certain cases where the metal has a large conductivity it is difficult to 
eliminate this stray effect sufficiently accurately by this method, and in this 
case it is much more convenient to diminish its magnitude. This can be done 
by a proper choice of the shape of the examined substance. From (41) it is 
evident that the magnitude of F{ does depend on the shape of the body, as 
in two cylinders of equal volume v, but with different cross-section, the force 
Fi will be proportional to the area of cross-section; this indicates that for 
metals of high conductivity, thin wires should be taken in order to reduce the 
stray effect.

The magnetic force on a body of volume v and susceptibility % and density 
d will be, from (1) and (20),

F = v d X H0^ -  sin2- ^ - .  (42)

If we compare it with (41) we get

E i
F

71

±Q%xd cot 2 71 t
(43)

This ratio evidently diminishes with decreasing values of r. For the metallic 
substances which we have examined so far, we have been able to make r, the 
radius, small enough to keep the ratio of the stray effect to the total force, as 
given by (43), under 1 or 2 per cent in the region of magnetic fields in which we 
were interested. However, in the case of a highly conducting metal like copper 
which is at the same time very weakly magnetic, we can see from (43) that the 
radius of the wire required to keep the stray effect small in comparison with 
the magnetic force, will have an impracticably small value. In such a case 
another way of eliminating the stray effect is possible, namely by compensation. 
This could be done by using two differently shaped metal specimens of different
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volume; one, for instance, being a flat ring of large diameter but with a smaller 
volume; the other being a long cylinder having a small radius and a larger 
volume. They would have to be attached to the same rod (19), Fig. 4, but placed 
one above and one below the centre of the coil. I t  is evident that it would be 
possible to find such a position of the rod in the coil that the forces F t due to 
the induced effect, having opposite directions in the two specimens, will balance 
each other, while the magnetisation effect will be the same as for a similar 
substance having a volume equal to the difference between the volumes of the 
two specimens.

The second stray effect due to the eddy currents results from the heating 
produced, which may in certain cases alter the susceptibility of the substance 
under examination. The magnitude of this effect can easily be calculated 
from (39) by integrating the square of the density of the current over the whole 
volume of the substance and the time of the experiment. The mean value of 
the total heat produced in the substance per unit volume during the experiment 
will be

W =  A - - H I  erg. (44)
o p r

Evidently the heating effect also diminishes with the square of the radius 
of the wire. Numerical evaluation shows that in general this stray effect 
is too small to be of any practical significance; for instance, if we take copper, 
which has the highest conductivity, in the form of a wire 1 mm in diameter, 
it can be shown from (44) that the rise of temperature after an experiment 
with a field reaching a maximum value of 300 kG is only 0-1 °C for experi
ments at room temperatures. At lower temperatures, owing to the decrease in 
the specific heat and increase in conductivity, the effect becomes considerably 
larger. This effect is actually only of importance at very low temperatures 
(liquid hydrogen), but in this case we also have to consider the rapid increase 
of resistance of the metal magnetic fields, which will considerably reduce the 
rise in temperature.

3. T he  A d i a b a t i c  Ma g n e t i s a t i o n

Langevin5 was the first to show theoretically that a paramagnetic gas when 
magnetised roust increase its temperature. I t  can also be shown on general 
thermodynamical grounds that any substance in which the magnetisation 
depends on the temperature, will also change its temperature while being 
magnetised. This temperature change in weak magnetic fields as obtained by 
electromagnets is negligibly small in most cases, but since in general the 
temperature increases as the square of the magnetic field, in the range of 
magnetic ficldk used in our experiments it reaches a value about 100 times 
larger and has to be considered very carefully, especially in cases where the 
magnetisation of the substance depends a great deal on the temperature, 
since this change in temperature may considerably change the magnetisation. 
The importance of the phenomenon at once becomes evident when we think 
of the brief time space in which our experiments were made. In the experiments
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made in steady fields as produced by permanent magnets the observations 
are always on isothermal magnetisation, as the initial change of tempera
ture of the magnetised body disappears very soon as it gets into thermal 
equilibrium with the surroundings. In our case, owing to the shortness of the 
time of the experiments we have an adiabatic magnetisation and the tempera
ture change will not be dissipated. A knowledge of this change of temperature 
is essential for the interpretation of our experimental results. We shall now 
give a deduction, on purely thermodynamic grounds, of formulae which will 
enable us to calculate this change for para-, ferro- and diamagnetic substances.

If the magnetisation of the body changes by d /  in a magnetic field H, the 
work done by the external system will be —j H d l  expressed in calories, where j 
is the heat equivalent. If the internal energy of the body changes by d U, and 
a heat dQ is supplied we have

dQ = dU — j H d l . (45)
Taking the temperature and the magnetic field as independent variables we 
have

If, in the usual way, we divide both sides of this equation by T, and note that 
in this case (46) must be a complete differential, we get from the properties of 
its coefficients

d l  dU dl
I¥~~dW ~ i HTh ' (47)

In the case of an adiabatic magnetisation, dQ in (46) is equal to zero, and com
bining (46) with (47) we get

d T  =  — dl
~dT

dU
~d¥ d H. (48)

This formula is a fundamental relation from which we can calculate the rise 
of temperature for the adiabatic magnetisation of any substance, provided 
we know the value of the coefficients. At first we see that, in general, a tempera
ture change will always occur if d l jdT  0 ; thus only in substances in which 
we have a magnetisation completely independent of the temperature, as for 
instance in most of the diamagnetic substances, will the temperature be un
changed by magnetisation.

In the expression (48) the differential can be eliminated if first we know 
how I, the magnetisation, depends on the magnetic field and the tem perature; 
secondly, we must know the value of U, which, in general, is a function of T  
and H ; the way in which U depends on H  can be obtained from (47) if I  
is a known function of T  and H. The way in which U depends oh the tempera
ture can only be obtained from the theory of specific heats. However, with a 
temperature which is not too low the main part of the internal energy U is 
contributed by the heat motion, and dU/dT  may be taken as equal to the 
specific heat C

C =  dUj dT. (49)
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Let us take the case of a paramagnetic substance, the magnetisation of 
which follows the generalised Curie-Langevin law.

I  = %H
J2 10

3Ji',(T +  6)

If we take the approximation (49) we get

II.

d T  = 1X T + 6 C +  j%
IP

T + 6). a n .

(50)

(51)

At ordinary temperatures where C is large compared with its neighbouring 
term, and when 6 is small or equal to zero, we get, after integrating

A T  = j ~ i c H2- (52)

This result is similar to that obtained for an ideal paramagnetic gas by 
Langevin.5

At low temperatures, close to absolute zero, when G, according to the Debye- 
Einstein theory tends to zero, the relation between the magnetisation and the 
applied magnetic field becomes more complicated due to the saturation. 
Equations (49) and (51) are then no longer a sufficient approximation, and we 
must take account of U being a function of II and T. Our present experiments 
were limited to temperatures not lower than that of liquid air, and the case of 
C being small in comparison with its neighbouring term did not occur. How
ever, this case must be most carefully considered when we extend our work to 
the very low temperatures at which we propose to determine the saturation 
value of paramagnetic substances. A more complete analysis indicates that 
the large rise in temperature which must occur close to the absolute zero due 
to adiabatic magnetisation, makes the magnetic field less efficient in magnetis
ing the body to saturation than in cases of an isothermal process. The adiabatic 
magnetisation at temperatures very close to the absolute zero for a para
magnetic substance which follows the Langevin law of magnetisation have 
been worked out theoretically by Debye.6 He has shown that at this tempera
ture the Langevin law involves a contradiction with the Nernst law, and that 
at low temperatures the Langevin law of magnetisation can only be regarded 
as approximate. Debye’s work is of great interest to us as it reveals the general 
character of adiabatic magnetisation of a paramagnetic substance at low 
temperatures.

Ferro-magnetic bodies also alter their temperature when they are magnetised. 
By the Langevin-Weiss theory of magnetisation of ferro-magnetic substances, 
the magnetisation I  is given by

7 //0 =  cothu — lja, (53)
where a is

a = I 9( M  + H)IRT  (54)

and I 0 is the intensity of magnetisation for complete saturation. A I  is the 
molecular field, in most ferro-magnetic substances of the order of 6000 kG.
13 a*
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If we attempt to find an exact value for d l /dT  from these two last expressions 
we shall meet with considerable mathematical complications; we shall there
fore limit ourselves to finding out the magnitude of d T  which can easily be 
estimated fairly accurately if we make the following approximations. As 
shown by Weiss, from the formulae (53) and (54), below a certain temperature 
T 0 which is called the critical temperature, we have the spontaneous magnetisa
tion characteristic of ferro-magnetic substances. Below this critical tempera
ture we have the value of a always larger than 3, and it can be expressed in the 
following approximate way

a =  3 T J T .  (55)

Thus we find that, at room temperature (300°K), a will be about 9 for iron 
and about 6 for nickel. When a is large, then with a sufficiently close approxi
mation we get from (53)

d l  I 0 da
J T  =  ~aF ~d¥'

(56)

By differentiating (54) and making some further approximations in which we 
neglect the applied field in comparison with the molecular field XI, we find

d l  I  o
dT  3T 0 -  T  ’

(57)

and finally, for the rise of temperature, we get

d T
T

3 T 0 - T C +  j
I 0H 

3 T 0 -  T j h  dH. (58)

As before, by neglecting the neighbouring term to the specific heat we get, 
approximately,

A T T________ n  T  T J

(7(3 T0 -  T) 1 0
(59)

We see that the rise of temperature in the case of ferro-magnetic substances is 
linear with the field and diminishes as the temperature becomes lower. At 
very low temperatures when C approaches zero the calculations arc again 
complicated as in the paramagnetic case, the internal energy V being a function 
of H. However, it appears that the general result expressed by (58) will still 
give the right order of rise of temperature for ferro-magnetic substances, 
even when the temperature is very low.

In some diamagnetic substances the susceptibility changes with the tempera
ture. For instance, in bismuth over a considerable range of temperature the 
diamagnetic susceptibility increases according to the following empirical law

1 =  X 11 =  -  IXol1 - o c T )  | H.  (60)
Using this expression we get from (58) for the rise in temperature

d T = ~ j T \X o \« H
c - j \ Xo\ * n

d H. (61)
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If the temperature is not very low and we neglect the neighbouring term to C, 
we get

A T  =  - j  H 2. (62)
2* G

We see that in this case, contrary to the ferro- and para-magnetic cases, the 
temperature will diminish with the magnetic field.

As will be seen later, the change of temperature, which occurred in our 
magnetic fields, and in the range of temperatures used (room temperature 
to the temperature of liquid air), was never more than 1° or 2° for any measured 
substance. Such small changes in temperature do not appreciably affect the 
magnetic properties of the substances, and, as will be shown, have very little 
influence on our present results. However, it is very important to give careful 
consideration to this change of temperature in studying the magnetostriction, 
where the increase is sufficient to produce a well-marked phenomenon due to 
the thermal expansion.

4. T h e  Ma g n e t i s a t i o n  of  F e r r o  m a g n e t i c  S u b s t a n c e s

Iron
For the study of the magnetisation of iron we used some exceptionally 

pure metal kindly given to us by Dr. Rosenhain; it  contains only 0-01 per 
cent of impurity, consisting chiefly of carbon. A small piece of wire, 0-36 mm

Fig. 5. The magnetisation of ferro-magnetic substances at room temperature.
Curve 1, Iron; Curve 2, Nickel.
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in diameter and 5-7 mg in weight was fixed in a quartz tube similar to that 
shown on Fig. 4 (19), except that the tube was only 2-6 mm in diameter.

Measurements were made only at room temperature, and a number of 
oscillograms were taken, one of which for a field of 260 kG is reproduced on 
Plate 25, No. 4. For a number of deflections of the balance, corresponding 
deflections of the current oscillograph were measured, and corrections were 
made in the way previously described to deduce the magnetic field. The values 
obtained are plotted on Fig. 5, where the abscissae are the magnetic field in 
kilogauss, and the ordinates represent the corresponding deflection of the 
balance in millimetres as measured on the enlarged oscillogram. On curve I 
the data for two oscillograms have been plotted, one for a field strength up to 
260 kG shown by plain circles, the other for a field strength up to 158 kG 
shown by blackened circles. I t  is evident that when the magnetisation of the 
body remains constant, the deflection must be proportional to the strength of 
the magnetic field; and it can be seen from this curve that the points lie well 
on a straight line, showing that the magnetisation of iron remains constant 
within the limits of experimental error up to field strengths of 260 kG.

Nickel
The nickel used was kindly given to us by the Research Department of the 

Mond Nickel Company and was 99-964 per cent pure, the impurities being:

Fe Mg Co Ca C N

0-01 
per cent

0-003 
per cent

0-002 
per cent

0-001 
per cent

0-015 
per cent

0-005 
per cent

A piece of nickel wire 0-62 mm in diameter and weighing 1T2 mg was placed 
in the same quartz holder as used for the iron. Experiments were made only 
at room temperature. One of the oscillograms obtained with a maximum field 
of 287 kG is shown on Plate 25, No. 5. The corresponding curve is plotted on 
Fig. 5, curve 2; and since the deflection is again proportional to the strength 
of the field avc deduce that the magnetisation of nickel remains constant 
Avithin the limits of experimental error up to field strengths of 2S7 kG.

O s c il lo g r a m s  Avere a ls o  t a k e n  Avitli A veaker m a g n e t ic  f ie ld s ,  a n d  e a c h  o f  t h e s e  

shoA ved a  c o n s t a n t  m a g n e t is a t io n .  As n o  s p e c ia l  p r e c a u t io n s  AATe r e  t a k e n  t o  

k e e p  t h e  t e m p e r a t u r e  a n d  t h e  p o s i t io n  o f  t h e  s p e c im e n  t h e  s a m e  f o r  a l l  in d iv id u a l  

e x p e r im e n t s  o f  t h i s  s c r ie s ,  t h e y  c o u ld  n o t  b e  c o m p a r e d  o n  t h e  s a m e  c u r v e .

Error of Experiments
The experim ental errors for iron and nickel aatci c sm all. The induction effect 

is negligible OAving to the high m agnetisation value, and the tem perature rise 
due to induction  currents only am ounts to  about 0-01 °C. The tem perature  
rise due to  the adiabatic m agnetisation  Avas calculated from  form ula (59) to  
be 1-5°C for iron and 0-5°C for nickel for a m agnetic field of 300 kG; this sm all
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temperature change cannot alter the magnetisation morcth an a fraction of one 
per cent which is well within the limits of experimental error.

Discussion of Results
From curves 1 and 2 on Fig. 5 for iron and nickel, we sec that the magnetisa

tion in the fields used, and at room temperature, cannot vary more than the 
error of our experiments, namely, about 1 per cent. Thus, if we take /, the 
specific magnetisation at saturation, to be 216 for iron and 58 for nickel, 
since our experiments show that in the range of fields up to H max it does not 
change more than 1 per cent, we get the possible limits for the absolute value 
of the magnetic susceptibility of these two metals after saturation. Thus for 
iron, i  the specific susceptibility cannot be larger than

l*Fe | <  0-01 x / / / / max =  0-01 x 26Q2^ Q3 =  8 x 10~6> 
and for nickel

l » ' l < 0 '01 x 287Sx 10° =  2 X 10"-
We can also estimate the value of the susceptibility after saturation from 

the Weiss-Langevin theory. If we differentiate formula (53) with respect to 
//, we get, with the same approximations used in obtaining (56)

d /  /„ da
1 =  dI T  =  d / /  '

(63)

Using again an approximation similar to the one used in calculating the rise 
of temperature, and which holds when the applied magnetic field is smaller 
than the molecular field, and the temperature well below the critical tempera
ture, we get the value

X  = I 0TI3T0II0, (64)

where II0 is the molecular field, and T 0 is the critical temperature. We see 
that in these cases we get a peculiar type of paramagnetism which increases 
with increasing temperature. This can easily be understood since at lower 
temperatures the spontaneous magnetisation approaches complete saturation, 
and the applied external field is less efficient in increasing it any further. If 
we take values of 5-56 x 106 and 5-35 x 106 for the molecular fields / / 0 of 
iron and nickel respectively, and critical temperatures T0 of 1042°K and 
629°K respectively, we get for the susceptibilities after saturation at room 
temperature (288°K)

Z F e =  3 d  X 1 0 - 6

Xxi =  U4 x 10-6.
Thus our results from the magnetic saturation experiment do not con

tradict the values deduced from the Weiss-Langevin theory of magnetisation. 
With our present experimental arrangements it is difficult to obtain values 
for the susceptibility with the greater accuracy necessary to verify the theory 
of ferro-magnetism more precisely. I t  may, however, be possible in the future, 
when we propose to resume this experiment with a view also to determining
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the absolute value of saturation for different temperatures, to use a differential 
method by which the component of the force on the iron specimen in the 
magnetic field due to its spontaneous magnetisation, will be compensated by 
a force on a small coil, attached to the glass rod, through which a constant 
current is passed. Evidently the differential effect recorded by the balance 
will give a more precise measure of the value of magnetisation after saturation.

I t  is interesting to note that in the many attempts which have been made to 
measure the magnetisation of iron after saturation, the results obtained are 
not in complete agreement. The reason for this is evidently the well-known 
difficulties encountered in measuring the magnetisation of ferro-magnetic 
substances in the fields of about 30 kG to which one is limited with electro
magnets.

In a recent paper, Weiss and Forrer7 give an experimental proof of the hyper
bolic law of magnetisation, namely

I  =  Joo(l — a'/H). (65)

This was found to be correct up to 20 kG, and the values of the constant a1 
were found to be 6-3 and 20 for iron and nickel respectively. If we write (65) 
in the form

{I00- I ) I I 0O = a'IH, (66)
we easily see that in the region of our fields, from 50,000 to 300,000 gauss, the 
variation in magnetisation for iron will be less than 0-01 per cent, and for 
nickel less than 0-04 per cent, thus coming well below our 1 per cent. Thus 
our results are in general agreement with the work of Weiss and Forrer ; for 
some specimens of nickel, however, they found a parasitic magnetisation which 
occurs after saturation and is proportional to the field, the susceptibility being 
about 11 x 10~6. Our experiments do not seem to confirm this phenomenon 
when using strong magnetic fields, as this parasitic effect would give a change 
in the magnetisation of about 5 per cent and could be easily traced in our 
experiments. As Weiss and Forrer mention that this phenomenon was only 
observed with a few particular samples of nickel, and as the nickel used, accord
ing to the analysis, seems to have been less pure than the sample used in our 
experiments, this parasitic phenomenon is probably due to some impurities, 
and docs not appear to have any direct bearing on the theory of magnetisation 
after saturation.

5. F e r r o -Ma g n e t i c  A ll o y s

Among the ferro-magnetic alloys avc selected for study Avas a peculiar nickel- 
chromium steel which was kindly given to us by Sir Robert Hadfield. This 
steel, as was found by Sir Robert, is non-magnetic at room temperature; but 
on hammering, it acquires quite distinct fcrro-magnetic properties. The com
position of this steel was:

c Si Cr N i Mn Fe

0-12 0-43 18-80 8-10 0-24 72-31
per cen t per cen t per cent per cent per cent per cent
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The heat treatment consisted in heating up to 1150 °C and then cooling in 
air. 130 mg of this alloy Avas carefully ground out and placed in the same 
quartz tube as used before for iron. The results of the measurements of the 
magnetisation before hammering are given in Fig. 6 Avhcre the abscissae repre
sent the field in kilogauss, and the ordinates represent the magnetisation in 
arbitrary units obtained by dividing the deflection of the balance on the magni
fied oscillogram, measured in millimetres, by the field in kilogauss, and multi
plying by 100. It can be seen from Fig. 6, curve 1, that in this case Ave have a 
constant magnetisation equal to that at zero field, together Avith a magnetisation 
which increases linearly A\ath the magnetic field. The constant magnetisation is 
about 0T per cent of that of iron and the increase in magnetisation corre
sponds to a susceptibility of about 5 x 10~6.

0 100 200 300
Field, kilogauss

F ig . 6. The magnetisation of ferro-magnetic alloys. Hadfield nickel-chromium steel at 
room temperature. Curve 1, before hammering. Curve 2, after hammering.

After hammering, the sample slightly increased its length, and curve 2 
Fig. 6, was obtained. It is quite evident from this that the constant magnetisa
tion increases about 10 times but the magnetic susceptibility remains practically 
the same. This experimental result may throw some light on the actual mecha
nism of the transition of the alloy from the non-ferro-magnetic to the ferro
magnetic state, particularly Avhen more experiments are made at different 
temperatures combined Avith metallographical analyses of the specimens. It  
may be possible that this alloy is in a state of unstable equilibrium at room 
temperature, and is changed to its normal ferro-magnetic state by hammering. 
From experiments initiated by Osmond8 on nickel-iron alloys, and later made 
by a number of other investigators on chromium-iron and manganese-iron 
alloys, we knoAv that these alloys may have “ tAVO Curie temperatures, ” and it is 
therefore possible to have them in ferro- or non-ferro-magnetic states at the 
same temperature. The transition to the ferro-magnetic state may sometimes 
be produced simply by cooling to low temperatures, and it is possible that some 
analogous transition is produced in this case by hammering.

The great advantage of our method in studying such alloys lies mainly in 
the fact that by means of our strong magnetic fields it is very easy to separate 
the para- and ferro-magnetic parts of the magnetisation.
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I t  would be most interesting to study the variation of the paramagnetic 
susceptibility with temperature for these alloys for the two states. In our 
present experiments, as curve 1 runs practically parallel to curve 2, it appears 
that the paramagnetic susceptibility of the hammered specimen is the same as 
before hammering. This, however, may be due to the fact that the specimen 
has not been sufficiently hammered, since, from Sir Robert Hadfield’s data, we 
may expect a considerably larger increase in the ferro-magnetism. If in this 
case also, the paramagnetic part remains the same, it means that the change 
from the non-ferro- to the ferro-magnetic state is not made at the expense of 
the paramagnetic component of the alloy.

We also studied a manganese alloy of iron, kindly given to us by Sir Robert 
Hadfield. The composition was :

c Si Mn Fe

1-2 per cent 0-33 per cent 13-38 per cent 85-09 per cent

I t  was heated to 100°C and quenched in water. The alloy was supposed to 
be non-magnetic, but actually we found that the ferro-magnetic part of the 
magnetisation was 0-1 per cent of that of iron, and the paramagnetism was
3-5 x 10"6—again a very small value which is surprisingly smaller than the 
paramagnetism of manganese itself.

These experiments on alloys were only intended as a preliminary study with 
a view to finding out the possibilities of using our methods for this line of 
research.

6. P a r a m a g n e t i c  S u b s t a n c e s

Gadolinium Sulphate

Among the paramagnetic substances which we chose for experiment was 
gadolinium sulphate [Gd2 (S04)3 . 8H20], which has been most carefully 
examined at all temperatures, particularly by Kamcrlingh Onncs andL. C. Jack- 
son.9 This substance appears to follow very closely at all temperatures the 
classical law of magnetisation given by Curie and Langevin. The gadolinium 
sulphate which we used was kindly given to us by Lord Rutherford and was 
prepared by Dr. Wclsbach. On this substance, we have made measurements at 
room temperature and also at the temperature of liquid nitrogen. Two sets of 
experiments were made at room temperature; in the first, the quartz tube (19) 
Fig. 4, was filled with 167 mg of the salt. In this case the deflection of the 
balance reached the maximum amplitude permitted by the size of the photo
graphic plate at 120 kG, and from these experiments we found that, within 
the experimental error of 1 per cent, no deviation from the linear law of magneti
sation occurred in this region of magnetic field. The amount of substance w7as 
then reduced to 74 mg and the magnetisation was studied up to the full field
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strength. The oscillogram on Plate 25 (p. 392), No. 6, was obtained with a field 
strength up to 271 kG, and the results of the measurements are given on curve 1, 
Fig. 7. As in the previous case, the abscissae represent the field in kilogauss, and 
the ordinates the magnetisation in arbitrary units (obtained by measuring the 
deflection of the balance on the enlarged oscillogram in millimetres, dividing 
by the field in kilogauss, and multiplying by 100). From the examination of 
the points on this curve it is evident that at room temperature the magnetisa
tion is proportional to the field strength within the limits of experimental 
error of 1 per cent.

0 100 200 300

Field, kilogauss
F ig . 7. The magnetisation of gadolinium sulphate. Curve 1, at room temperature.

Curve 2, at temperature of liquid nitrogen.

The experiments at lower temperatures were carried out in the gas cryostat 
described before. The tube and the specimen were moved into a region of 
smaller gradient of the magnetic field, closer to the centre of the coil, as other
wise the deflection of the balance was thrown out of the range of the photo
graphic plate. Oscillogram No. 7, Plate 26, was obtained with a field strength 
of 265 kG, and the results are plotted on curve 2, Fig. 7. From this curve it 
will be seen that the law of magnetisation is no longer linear, and as we should 
expect from the theory, we have the beginning of saturation.

Errors of Experiments
The errors in this case were rather small as no induction phenomenon 

occurred, the only one which we had to consider being due to the change in 
temperature of the substance which was caused by the adiabatic magnetisation.
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At room temperature, as we can obtain from (52), taking the value of the specific 
heat of gadolinium sulphate to be 0-83, the increase of temperature in a field 
of 271 kG is only 0-04°C. At the temperature of liquid nitrogen the specific 
heat of gadolinium sulphate is 0-40, and the temperature rise in a field of 
265 kG about 0-25°C. In both case the changes of temperature are too small 
to affect the value of the magnetisation by more than a fraction of 1 per cent.

Discussion of Results
On the Langevin theory, the magnetisation I '  of gadolinium sulphate 

approaches its saturation value /„ according to the following formula
I 'I I0 = (cotha — 1 /a), (67)

where
a =  I 0H f R T .

When the value of a is small we have the well-known approximation which 
gives the Curie linear law

I / I0 = a/3 = I 0H/3RT.  (68)
For gadolinium sulphate a t room temperature, the value of a in formulae (67) 
and (68) is equal to 0-29 for a field strength of 271 kG, and the difference 
between I ' f l 0 and I / I 0 is only 0-7 per cent. At the temperature of liquid 
nitrogen, however, a reaches a value of 1-06 at a field strength of 265 kG, and 
the magnetisation, as given by (67), is 0-328 instead of 0-354 as given by 
(68), which should be the value if the magnetisation followed the linear law. 
Thus the deviation from the linear law of magnetisation is about 8 per cent. 
This result is confirmed within the limits of experimental error by our experi
ments, as can be seen from Fig. 7. Here the broken straight line represents 
the tangent to the curve of magnetisation 2 as given by the experiment, and 
evidently represents the law of magnetisation as given by the approximate 
formula (68). I t  can be seen that at 271 kG the difference in the ordinate 
for the broken and experimental curve is actually about 8 per cent of the 
magnetisation. I t  is interesting to note that a t 271 kG the magnetisation is 
0-328 of the complete saturation and is actually about the same as for nickel.

Woltjcr and Kamerlingh Onnes9 have measured the saturation of gadolinium 
sulphate at 1-3°K, where they approached to within about 85 per cent of a 
saturation value with a field of 23 kG, and found good agreement with the 
Langevin law. With our magnetic field strengths we should expect a much 
closer approach to saturation at low temperatures, and we shall probably be 
able to check the Langevin law of magnetisation fairly accurately over a 
greater range, since, owing to the shortness of the time, we have the great 
advantage of the absence of any temperature disturbances. From the position 
of the points on the curve of Fig. 7, the fair precision of our experiments may 
easily be judged.

Manganese
The manganese used in the experiment was kindly given by Dr. Rosenhain, 

and was prepared at the National Laboratory by Dr. Marie Geyler. I t  had 
been melted in vacuo and contained only 0-01 per cent of impurities. I t  was
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used in small fragments of about 1-1£ mm in size. 0-345 g of the manganese 
was placed in the quartz tube, all the usual precautions being taken, and the 
experiments were carried out at room temperature. The oscillogram obtained 
in the strongest field (275 kG) is shown on Plate 26, No. 8. The results of the 
measurements have been plotted in the same way as for gadolinium. On Fig. 8 
the curves are obtained from two oscillograms; the points from one before 
mentioned are indicated by open circles, and the others using a field up to 
210 kG, arc indicated by solid circles. I t  will be observed that the magneti
sation is strictly proportional to the magnetic field.

0 100 200 300
Field, Kilogauss

Fig. 8. The magnetisation of manganese at room temperature.

Discussion of Results

Owing to the small conductivity of manganese, no eddy currents or stray 
effects occurred. Also, as it appears that the para-magnetism of manganese is 
independent of the temperature, no change in temperature due to adiabatic 
magnetisation will be expected.

We have chosen manganese for study because several investigators have 
found that the magnetisation of manganese is dependent on the field strength.10 
In later researches,11 however, it has been shown that the variation in the 
susceptibility of manganese with the magnetic field is probably due to impuri
ties. I t  is well known that manganese, when combined with certain elements, 
has the unique magnetic property of becoming ferro-magnctic. I t  appears that 
nitrogen is one of the elements which is capable of producing this change, and 
owing to this, the experimental determination of the magnetic properties of 
manganese is exceptionally involved; this probably accounts for the number
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of anomalies observed by different workers. As is shown on the curve on 
Fig. 8 the magnetisation of manganese is proportional to the magnetic field 
up to 275 kG, within the experimental error. From the curve of Fig. 8 we 
may be certain to within 0-5 of the divisions of the ordinates that the curve 
starts from the zero of the coordinates, and, taking the value of the sus
ceptibility of manganese to be 9-66 x 10~6, wre may conclude from simple 
calculations that the constant specific magnetisation of our specimen of 
manganese, should it exist at all, must be less than

I  < 9-66 x 10-6 x 1-45 x 104 x 0-5 =  0-07

or less than 0-033 per cent of that of iron. Thus at room temperature man
ganese seems to behave as a perfect paramagnetic substance. I t  must be 
remembered that we were lucky to be able to use the exceptionally pure 
manganese prepared by Dr. Geyler which had been melted in vacuo, and in 
this case there does not appear to be any nitrogen or other ingredient to turn 
it into the ferro-magnetic state.

7. D i a m a g n e t i c  S u b s t a n c e s  

Bismuth
For reasons which we will state later, we have investigated the susceptibility 

of bismuth in particular detail. The metal used was obtained from Messrs. 
Adam Hilger, and, according to their analysis, was 99-993 per cent pure, the 
chief impurities being lead 0-005 per cent and silver 0-0014 per cent.

Rods about 0-6 mm in diameter were extruded and carefully washed in 
dilute hydrochloric acid to remove any traces of iron from the surface. Crystals 
of different orientations were then grown in the rod by the method described 
previously by the author in detail.12 The rod was placed freely in a small glass 
tube and slowly pulled through a heated platinum spiral which only melted 
the rod over a short length. The rod was inoculated with a seed crystal to get 
the required orientation. In our present experiments we improved the method 
by evacuating the glass tube, and thus the growth was made in vacuo, ensuring 
that practically no oxide coating is formed on the surface of the crystal. In 
previous experiments the coat of oxide was necessary to keep the shape of 
the crystal, but in this experiment, as before stated, we passed the glass rod 
through a very short heater which only melted a very short length of the 
crystal so that the bismuth did not collect in drops.

We used rods with two orientations of the crystal faces, one in which the axis 
of the crystal was parallel, and one in which the axis was perpendicular to the 
length of the rod. After growth, the crystal rods were cut into pieces 1 cm 
long, and 14 such pieces were placed in a bunch in the glass holder, a tiny 
piece of paraffin wax being used to keep the rods close together in the same 
position. The amount of bismuth placed in the tube was approximately the 
same for the two orientations of the crystals and for extruded multicrystalline 
rods. The measurements were made at room temperature and at the tempera
ture of liquid nitrogen. At the temperature of liquid nitrogen, we were particu-
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larly interested in the magnetisation when the crystal axis was perpendicular 
to the direction of the magnetic field; this is shown on oscillogram No. 9, 
Plate 26. The result for the magnetisation of bismuth at room temperature 
(about 290°K) is shown on Fig. 9; and the result for a temperature close to 
that of liquid nitrogen (85°K) on Fig. 10. On both drawings, curve 1 is for the

Field, kilogauss

F ig . 9. The magnetisation of bismuth at room temperature. Curve 1, crystal axis perpen
dicular to the field. Curve 2, crystal axis parallel to the field. Curve 3, extruded rod.

Field, kilagcross

F i g . 10. The magnetisation of bismuth at the temperature of liquid nitrogen. Curve 1, 
crystal axis perpendicular to the field. Curve 2, crystal axis parallel to the field. Curve 3,

extruded rod.
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P l a t e s  25 and 26. In the oscillograms the time is increasing from right to left. The 
bottom curves marked I represent the current through the coil, the curve marked F 
represents the deflection of the balance.

Oscillogram 4. The magnetisation of iron, room temperature, maximum field, 260 kG.
Oscillogram 5. The magnetisation of nickel, room temperature, maximum field, 287 kG.
Oscillogram 6. The magnetisation of gadolinium  sulphate, room temperature, maximum

field 271 kG.
Oscillogram 7. The magnetisation of gadolinium  sulphate, temperature of liquid nitrogen,

maximum field 265 kG.
Oscillogram 8. The magnetisation of manganese, room temperature, maximum field

275 kG.

Oscillogram 9. The magnetisation of bismuth, crystal axis perpendicular to the field 
temperature of liquid nitrogen, maximum field 265 kG.
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case when the axis of the crystal is perpendicular to the field; in curve 2 the 
axis of the rod is parallel to the field; curve 3 is for an extruded rod; that is, 
the crystal axes were distributed more or less at random. The data for Figs. 9 
and 10 are plotted in the same way as for manganese and gadolinium sulphate; 
they were also corrected for the magnetisation due to the suspension, which 
at the temperature of liquid nitrogen was quite considerable as we were 
using a glass instead of a quartz tube. The deflections were also reduced in 
proportion to the weights of bismuth used. By using the same holder and the 
same shape of bismuth, and by placing the specimen as nearly as possible in 
the same position in the coil, we kept the conditions of the experiments identical, 
as far as possible, for the three specimens of bismuth. We were thus able to 
obtain from the corrected and reduced deflection of the balance, the relative 
magnetisations and susceptibilities of the three specimens of bismuth by 
measuring the slope of the curves on Figs. 9 and 10.

Errors of Experiments

The principal stray effects which occurred in the study of bismuth were due 
to the induction currents. We chose the diameters of the bismuth rods to be as 
small as was practicable for growing crystals. As can be shown from (43), the ratio 
of the force F t due to the eddy current, to the measured force F, in the range 
of fields between 60 and 270 kG, taking into account the increased resistance 
of bismuth in magnetic fields, at room temperature, was 2 per cent at its 
maximum, and about five times less at the temperature of liquid nitrogen. 
This small stray effect may easily be eliminated, as described before, by 
averaging the balance deflections before and after the maximum amplitude, 
and it appears that this eddy current effect has no appreciable influence on 
the accuracy of our experiments. However, in one particular case, we may 
have a new stray effect intervening due to the peculiar properties of bismuth. 
This effect is due to the e.m.f. which is developed in a bismuth crystal placed 
in a magnetic field when a current is flowing. The e.m.f. produces a considerable 
phase shift in curve F t- relative to the force F, making the averaging method 
of excluding the eddy current effect invalid. This e.m.f. has been studied by 
the author in a previous paper,12 where it was shown that it has a considerable 
value only at room temperature and when the current is parallel to the axis 
of the crystal. Thus this stray effect will only intervene when we study the 
magnetisation perpendicular to the axis at room temperature, namely the case 
shown by curve 1, Fig. 9, and it is the only curve on which the point seems to 
show a slight deviation from the linear law of magnetisation. This deviation can 
probably be accounted for by this stray effect.

The heating of the bismuth due to the induction effect was very small, 
amounting to less than 0-01 °C. The change of temperature due to the adiabatic 
magnetisation can be estimated from formulae (62) and (68) by using the data 
given in the table below for the values of % and a, and can be shown to be 
largest for the case when the magnetic field is perpendicular to the crystal
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axis. At room temperature, for this case, there is a drop of 0-22°C, and at 
the temperature of liquid nitrogen a drop of only 0-05°C. This change in 
temperature evidently cannot appreciably affect the magnetisation of bismuth.

Discussion of Results
We were particularly interested in the study of the magnetic properties of 

bismuth in strong magnetic fields, in view of some experimental results obtained 
from the detailed study of the magnetostriction of bismuth crystals which 
will be described in the next part of this paper.

I t  appears that in the case when the axis of the crystal is perpendicular to 
the magnetic field, the magnetostriction is strongly affected by the tempera
ture, and at the temperature of liquid nitrogen tends to reach a saturation value. 
The simplest explanation of this phenomenon, as will be shown later, would 
be that the magnetic susceptibility of bismuth undergoes a similar change. 
The corresponding case for the magnetisation perpendicular to the crystal 
axis at the temperature of liquid nitrogen is given by curve 1, Fig. 10. The 
curve was obtained from two oscillograms with different maximum field 
strengths, one being plotted with plain circles, and the other by blackened 
circles. From this curve it may be seen that, within the limits of experi
mental error, the magnetisation of bismuth is proportional to the magnetic 
field. The same result holds for all other orientations and temperatures which 
Ave have studied, the results for which are given on the remaining curve on 
Figs. 9 and 10.

The linear dependence of the magnetic susceptibility of bismuth on the 
temperature was first experimentally obtained by Curie and confirmed by 
Honda. I t  can be written in the following form

Z =  *0(l ~ « T ) .  (69)
The experiments of Kamerlingh Onnes and Perriere13 seem to show that at 
temperatures close to that of liquid hydrogen the change is smaller than 
indicated by (69), but apparently from the melting point to this low temperature 
(69) is a good approximation. Formula (69) was apparently only verified for 
multi-crystalline bismuth and I have been unable to trace in the literature 
on the subject, any data about the change of magnetic susceptibility of single 
bismuth crystals with temperature. If we assume that the linear law is also 
correct for the monocrystal of bismuth wc may get the coefficients ot and % 
from our data. For this we must adopt an absolute value for the susceptibility 
for some particular orientation of the bismuth crystal. In recent investiga
tions, Focke14 has examined very carefully at room temperature the magnetisa
tion of bismuth for the two positions of the crystal axes. For the case of the 
crystal axis perpendicular to the magnetic field he has obtained for the magnetic 
susceptibility of bismuth a value of % =  T49 x 10~6. Wc took this value 
as a basis for an estimate of the susceptibility in absolute units for other 
orientations and temperatures from the data obtained in our experiments. 
The values for y, %0 and a in the formula (69) calculated in this wav arc given 
in the following table:
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Axis parallel 
to field

Axis perpendicular 
to field

Extruded
rod

-  x X 106 at 290°K 1-08 1-49 1-21

— X x 106 at 85°K 1-295 204 1-52

(X 0-76 x 10-3 1-191 x 10-3 0-94 x 10-3

- X o X  106 1-39 2-27 1-66

Comparing the value of % =  — 1-08 x 10~6 for the case of magnetisation 
parallel to the axis as given in the table, with the value given by Focke of 

“ 1*05 X 10~6, we see that the difference is about 3 per cent. Consider
ing that our present method is not well suited to this kind of measurement, 
since in comparing the data for different specimens of bismuth we cannot be 
sure that the experimental conditions remain identical, this agreement must be 
considered quite satisfactory. The main object in calculating the values in 
the table was to obtain data for the interpretation of experiments on magneto
striction for which we had to know the value of <x.

8. Co n c l u s i o n s

The main object of the experiments described in this paper has been to 
develop a method of measuring the magnetic susceptibility in strong magnetic 
fields during the brief interval of time available. The experimental results 
for different substances, as described here, seem to prove that the method 
given makes the investigation of the magnetisation for most substances quite 
possible with an accuracy of about 1-2 per cent, and there are no obvious 
reasons why this accuracy should not, if required, be increased further.

The substances for this first series of experiments were chosen as being 
typical examples of ferro-, para-, and diamagnetic substances. Our investiga
tions have shown that within the range of temperature used, the laws of magne
tisation as given by the modern theories and verified in magnetic fields up to 
30 kG, apply also in a region of fields up to 10 times larger.

As has already been stated, the main interest of this method lies in the 
possibility of obtaining saturation values for different paramagnetic substances, 
and the present experimental results show that there is every hope that this 
may be done with fair accuracy. This experiment will be started as soon as 
the necessary equipment and facilities for using liquid hydrogen and helium 
are developed.
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P a r t  I I I .  M a g n e to s tr ic tio n

1. I n t r o d u c t i o n

Magnetostriction may be defined in general as the change of shape of a 
substance when it is magnetised. The phenomenon may originate from various 
causes, but there is one which appears to us to be of major importance. From 
our present conceptions of the origin of cohesion between the atoms forming 
a crystal lattice it appears that a considerable part of this cohesion is due to 
forces of electrodynamical origin; we may therefore expect to influence these 
forces by means of a magnetic field, and thus produce a change of shape of 
the body.

In ferromagnetic substances magnetostriction is easily observed in ordinary 
magnetic fields and a number of theoretical investigations have been carried 
out to explain the general aspects of the phenomenon. With para- and dia
magnetic substances, however, no magnetostriction has been observed.

The failure of a number of investigators, using ordinary magnetic fields, to 
trace any magnetostriction in bismuth15 and other weakly magnetic substances 
seems to indicate that in these weak fields the phenomenon must be extremely 
small. Having at our command a field several times larger than previously 
available, we decided to attempt to find magnetostriction in diamagnetic and 
paramagnetic substances, and, as will be seen, with positive results for a number 
of substances.16 The phenomenon was found to be largest in the case of bis
muth and we therefore chose this metal for examination in particular detail. 
I t  was found that in bismuth the magnetostriction is very closely connected 
with the crystal orientation and even changes its sign with different orienta
tions. In previous unsuccessful attempts to discover magnetostriction in 
bismuth the phenomenon was not looked for in single crystals, and, as will be 
seen, in multi crystalline rods the magnetostriction of bismuth is very con
siderably reduced and more difficult to trace. This probably accounts for 
previous failures to discover the phenomenon in bismuth. In certain special 
cases it can be seen that it would be possible to measure the magnetostriction 
even in ordinary fields (30 kG) provided enough care was taken, and a suffi
ciently sensitive extensometer used.

Our method of measurement of magnetostriction in strong magnetic fields 
lasting for only a fraction of a second has great advantages, not only because 
the scale of the phenomenon is so much magnified, but also because the experi
ments were performed in such a small fraction of time that all the disturbances 
produced in the shape of the tested body by accidental temperature variation 
were eliminated. I t  is a well-known fact that these disturbances arc the main 
difficulty in studying magnetostriction in permanent magnetic fields. We 
also found it possible to design an extensometer which was practically as 
sensitive in our brief time of experiment as those used for ordinary long duration 
measurements.

The present experiments described in this paper will relate only to the 
longitudinal magnetostriction, measured in the direction of the magnetic
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field; this was chosen because, owing to the general conditions of the experi
ments in the first instance, it was the simplest to study. Eventually it is 
hoped that we shall be able to extend our experiments to the study of the 
transverse and volume magnetostriction. The main aim of our work has been 
to establish the general character of the phenomenon and to find the influence 
on it of the principal physical factors such as crystal orientation, temperature, 
strain, chemical impurities, etc., without attempting to make measurements 
of great precision. We have also had in view the establishment of a possible 
relation between the magnetostriction and some abnormalities of increase of 
resistance which were observed for several groups of metals (bismuth, anti
mony, graphite) in the strong magnetic fields.4 I t  appeared that these were the 
metals which also showed the largest magnetostriction.

Besides the study of the magnetostriction in diamagnetic and paramagnetic 
substances, some experiments were also carried out with iron and nickel for 
which the nature of the phenomenon is well known in weaker magnetic fields. 
These experiments were mainly done with a view to checking the accuracy 
and reliability of our methods, but were eventually extended to the region of 
stronger magnetic fields where some phenomena were found which probably 
have a different origin from the magnetostriction occurring in weak fields, 
which, as is well known, is limited by and related to the saturation.

In the subsequent sections we shall first revise the general theory of magneto
striction mainly from the point of view of the thermodynamic relations and 
the requirements of crystal symmetry; then the details of the method and of 
the experiments on bismuth and other weakly magnetic substances which we 
studied will be given with a discussion of the results. Finally, we shall give 
an account of the experiments on the magnetostriction of iron and nickel.

2. T h e  G e n e r a l  T h e o r y  o f  M a g n e t o s t r i c t i o n  

The Classical and Atomic Magnetostriction

In the following sections we shall deal mainly with the different factors 
which produce magnetostriction, and with the general conditions imposed by 
thermodynamic relations and crystal symmetry which determine the magneto
striction.

From the theory of magnetisation it is known that the work done in bringing 
a body into a magnetic field depends not only on its magnetic constants but 
also upon its shape, and stresses will develop in the body which will tend to 
alter its shape in such a way as to diminish the energy of magnetisation. The 
possibility of the existence of a magnetostriction corresponding to this cause 
was originally proved by Maxwell. In a long isotropic cylinder magnetised 
along the axis in the ^-direction, a longitudinal strain will occur due to this 
source of magnetostriction which is found to be equal to 17
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where <5 is Poisson’s ratio and Y  is Young’s modulus. More detailed analysis 
shows that this magnetostriction is actually produced by two kinds of forces. 
The first is given by the initial term in expression (70) and is due to the forces 
acting on the magnetic poles on the surface of the magnetised body when 
placed in a magnetic field; these forces are positive for ferro- and para-magnetic 
bodies and will produce an elongation of the cylinder; in the case of a dia
magnetic body there will be a contraction. The second term is due to the 
mutual action of the magnetic poles on the surface of the body; it always 
has a positive sign and is in general much smaller than the first term. From 
the formula it will be seen that this type of magnetostriction can be com
pletely described by constants which can be determined from usual elasticity 
and magnetisation measurements. The study of such phenomena actually 
amounts to the verification of the classical equations for stresses in magnetic 
fields, and gives us no new information about the physical properties of the 
substance. We shall call this kind of magnetostriction the Classical Magneto
striction and refer to it by the letters C.M.S. In  our experiments the C.M.S. 
will only be of importance for the interpretation of the magnetostriction 
occurring in ferro-magnetic substances. In most of the other cases it will be 
merely a correction term of a small magnitude.

From thermodynamic relations it appears that a body can also change its 
shape in a magnetic field when its magnetisation constants alter with stress 
or strain; it can then be shown that the energy of the elastic deformation is 
obtained at the expense of the alteration in the magnetic energy produced 
by changes in the magnetisation. The theoretical possibility of the existence 
of such a magnetostriction was first proved by Helmholtz19 and subsequently 
considered in greater detail by Kirchhoff.19 This magnetostriction depends 
essentially on independent constants which can only be obtained experi
mentally from the study of change of shape of a substance in a magnetic field, 
or, correspondingly, from the influence of strains or stresses on the magnetisa
tion of a substance. Thus this type of magnetostriction is intimately connected 
with the change of the magnetisation properties of a substance with the dis
placement of the atoms in the crystal lattice, a knowledge of which is evidently 
of importance in the development of the theory of magnetisation of solids. We 
shall call this type of magnetostriction the Atomic Magnetostriction and denote 
it by the abbreviation A.M.S.

The Thermodynamic Relation of the Constants in A.M.S.
In order to describe the state of a magnetised body we choose as independent 

variables the temperature T, the six components of stress pa (a =  1, 2, 3, ..., 6), 
and the three components of the magnetic field Ha (a = 1, 2, 3). If we take U1 
to be the first thermodynamic potential per unit volume of the body, it will be 
a function of all these variables.

Ux = h { T , p a, H a). (71)
The strain ea set up in the body will be

dU1 
8 ft*

(72)
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In the case when the terms containing the magnetic field have not disappeared 
after the differentiation of U1 by pa, ea will be a function of the magnetic field 
and this means that a stress will be produced in the body when magnetised, 
which produces a magnetostriction. From (71) we obtain for the magnetisation 
of the body I a

W i '
(73)

Also, as I a may depend on the stresses, the differentials in (72) and (73) are 
closely related, and if U1 is such that a magnetostriction is produced the 
magnetisation must also depend on the stresses. Using the properties of a 
complete differential we get

dea = dig
ZHg dPa ’

(74)

This shows that if ex is a function of the magnetic field I a must also be a func
tion of the stresses.

If the substance which we magnetise has no permanent magnetisation, and 
the magnetisation has central symmetry, then by reversing the direction of 
the magnetic field the magnetisation is also reversed and has the same value; 
in which case U1 is a function of the even powers of Ha only. Then for an 
isothermal process, developing U1 in a series we get

^1 0  8  "g" Tf t ’g b  H g  H b  ^ a b e d  g  H b  H c  H $  •

~2 <* ^b  Pa mgbed, a Hg Hc Hd Pa

-■jmgb,afsHa Hbpa pr - ‘

.................................... (75)

where a summation is understood with respect to each suffix which enters 
twice in a term, and where a, b, c, ... take the values 1, 2, 3, and a, /?, ... the 
values 1, 2, ... 6. The same abbreviation will be used in the next equations; 
S  is a function of the stresses and the temperature only, d and m’s are functions 
of the temperature only. The magnetostriction of a body will depend only 
on the terms in this expression which are made up of product of H  with p. 
The magnitude of the magnetostriction is determined by the parameters m 
which we shall call the moduli of the atomic magnetostriction, and they may 
be of different order according to the number of variables which they connect. 
The physical meaning of these moduli can easily be defined.

Let us in the first place consider only terms of the lowest (first) order relative 
to jH2. An aelotropic body whose magnetisation is linear with the field has 
six constants for the volume magnetic susceptibility which we will denote by 
%ab- They are defined as,

dig dlb
dHb dHa •% g b  X b (76)
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From (73), (75) and (76) we get, considering only the lowest term of H z

lab m-ab + mab,a P« +  I ™ao, *p Pec Pf) • ' ' ’ (77)
This expression shows that the magnetic susceptibility changes with the stresses 
in a substance. If we denote the magnetic susceptibility in an unstrained body 
by Xab a-nd develop it in series we get

lab l°ab  ̂Xab V* -0
i d2lab

3 Pa 2 3 Pa 3 Pp Pa Pp " (78)

Comparing (77) and (78) we get

'tft'ab =  IZa&lo; mab,a dl°ab .
3 Pa o’ *̂ ab, ixji Vfab

tipa dPp 0
(79)

Thus the physical meaning of magnetostriction moduli is that they represent 
the change of susceptibility with the stress in the body.

If the magnetisation of the body is proportional to the cube of the magnetic 
field, then we have for an aelotropic substance, 15 constants for the magnetic 
susceptibility which we will call %abcd> and similarly we may demonstrate 
that

mabcd,a
dlabcd

0
( 80)

If instead of choosing as independent variables the six stresses we choose 
the six strains ea then we get the second thermodynamic potential

and evidently
U2 = f(T ,ea, H a)

dU2 dU2
dea ’ a c l la ■

(81)

(82)

We may expand U2 in series in the same way as we have expanded Ux. Instead 
of the parameters m we shall use parameters M  which are named the A.M.S. 
constants, and similarly we may demonstrate that the physical meaning of 
the M's will be

M ab — I lab |0; Mab,a — 3  l°ab i /  , 3  l°ab
dea 0 3  ea dep (83)

The change of shape observed in magnetostriction experiments is evidently 
proportional to the strains ea, which from (72) and (75) will be

&<x 2 ^ 0 a H a ^  ^  ^abed, a Ha H b H e H d ' *

+  mab,*p Ha Hb Pp + — niabcd,ap Ha Hb Hc Hdpp • • • (84)

Thus in general it appears that the magnetostriction may also depend on an 
independent stress pp set up in the body.

The constants of magnetostriction M aba ... will probably be found to be of 
greater convenience than the moduli maba ... for interpretation by an atomic
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theory as they relate directly to the changes of magnetic susceptibility with 
deformation in a lattice. As may be seen from (84) the direct experimental 
observations on magnetostriction give the values of the moduli, but if the 
relation between the stresses pa and the strains ea is known, then the moduli 
can be expressed in terms of the constants of magnetostriction. Especially 
simple is the case when we consider the moduli of the first order relative to 
the stress. Then, comparing (83) and (79) we get

M a b , a  =  m a b ,  ft J j *  > (85)oep

and if the relation between the stresses and strains obeys Hooke’s Law, we 
have

M a b , a  =  ™ a b , p  V ’ (86)

where Spa are the elasticity constants.

The Aadiabatic Magnetostriction and Isothermal Magnetostriction

We have now to consider the difference between the magnetostriction 
produced isothermally and that produced adiabatically, the latter actually 
being observed in our experiments. In this case the temperature T  cannot be 
regarded as an independent variable, and the development in series of the 
corresponding thermodynamic potential will contain different moduli. These 
new moduli will be connected with the magnetic susceptibility in the same 
way as given by (79), only in this case the magnetic susceptibility will relate 
also to an adiabatic magnetisation. We can easily estimate to the first order 
of approximation the difference between the adiabatic and isothermal moduli. 
The development in series relative to the temperature of the moduli, assuming 
that the experiment is made at a temperature T 0 will be

m M r ,  +
d m

I t
A T . ..

To
(87)

The rise in temperature A T  has been shown in Part II, Section 3 to be a 
function of the magnetic field, which can be obtained if the way in which the 
magnetisation depends on the temperature is known. Thus replacing A T  by 
II and replacing the m s in (74), we shall get the required thermodynamic 
potential for an adiabatic process; and, since we have seen from Part II  that 
A T  is always proportional to some power of the magnetic field, after the 
replacement and the collecting together of the terms of the same order relative 
to H  and p, we shall see that the first order term in I l z will be the same for an 
adiabatic and an isothermal process. The higher order terms will be changed, 
and this change can easily be estimated if the way in which the moduli depend 
on the temperature, and the dependence of A G on the magnetic field is known. 
Actually in practice we shall mostly be interested in the lowest order terms 
so they can be taken to be the same in isothermal and adiabatic process. All 
these considerations are correct apart from the terms 0 and S  in (74) which
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are also functions of the temperature. Developing S  in series relative to the 
rise of temperature as

=  \S\T, + 8T A T - - -
T a

( 88)

and replacing A T  hy the magnetic field, we get some terms which may be of 
the first order relative to IP, and since the function S  depends also on stresses 
this will give terms containing the product of H  and p which will contribute 
to the magnetostriction. From an examination of (75) it is seen that the term 
S  accounts for the thermal expansion of the body, and the physical meaning of 
the new terms which will be contributed by S  in an adiabatic magnetostriction 
is only that the body on adiabatic magnetisation changes its temperature, and 
this produces a thermal expansion, the value of which is evidently

ea = QaA T ,  (89)

where the Qa’s are the expansion coefficients. Wc shall call this magneto
striction which only occurs in an adiabatic process and which will be seen to 
be only a small correction term in most cases, thermal magnetostriction, and 
denote it by the abbreviation T.M.S.

If the Qa and A T  in (89) are known, then by subtracting the ea from the 
corresponding ea of magnetostriction observed during adiabatic processes, 
we find the magnetostriction to be the same to the first order term as in an 
isothermal process.

In all these deductions we have regarded A T  as being only a function of the 
magnetic field, but actually it has also to be regarded as a function of the other 
six components of the strains or the stresses. However, since the change of 
temperature is very small in an adiabatic deformation the dependence of A T  
on stresses or strains can be disregarded, and even if taken into account will 
only affect the terms of higher order than pa and e«, which are found experi
mentally to be negligible.

3. T he  Mo d u l i  a n d  Co n s t a n t s  of Qu a d r a t i c  Ma g n e t o s t r i c t i o n  
for  D i f f e r e n t  Cr y s t a l  S y m m e t r i e s

The number of moduli m and constants M  for an aclotropic body is very 
large, and increases very rapidly as we consider terms of higher order in (75). 
The requirements of crystal symmetry reduces this number considerablv, 
but even in this case it seems to be of no practical interest to go beyond the 
first order term in IP  and p (quadratic A.M.S.). We shall therefore only 
consider the terms of the expression

~  2 Vx =  mab> a IIaIIbpa. (90)

For convenience we introduce instead of the product II(,IIb a component of 
a symmetrical tensor of the second order which wc denote as lik =  IInHb, and 
in detail

= Il\\  h2 =  h2 2 =  II y] h3 — h33 =  II\\ |
hA =  h23 = Uy Hz; h5 =  ^i3 =  HxII2 '■ l̂c, = h12 =  I I^H y j (91)
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Instead of the moduli mab a we take other moduli m.ka which will be con
nected with the previous ones in the following manner

mn , a =
" W23 ,a =  mi a!

m 2 2,« =  m 2*'> m Z 3, a =  ™3« 

2 m '13,« =  2 w 12 ,« =
(92)

We shall use these moduli for expressing our experimental results; (90) will 
now be written

- 2  V1 = mkahk pa {k and a =  1, 2, •••, 6). (93)

Thus the mka moduli connect components of the symmetrical tensors hk and pa.
The relation between the different moduli or constants for a number of 

physical phenomena in crystals of different symmetry has been worked out 
mainly by Voigt,20 but he does not go in detail beyond the case where the 
moduli connect two identical tensors of the second rank as in the case of elastie 
deformations in aelotropic media. Using the methods worked out by Voigt, 
we shall in the present section work out the relation for moduli of quadratic 
magnetostriction for different crystal symmetries since this is essential for the 
interpretation of our experimental results. As we shall use several results 
obtained by Voigt20 and given in his book, we shall refer to them by the 
number of the page in the 1928 edition of his book.

In order to find the condition imposed by the symmetry of the crystal on 
the moduli mka we have to find how these moduli change with coordinate 
transformations. In expression (93) hk pa is a product of two components of 
the tensor of the second rank, which in general forms a component of a tensor 
of the fourth rank. For all coordinate transformations V1 must be invariant, 
and this will require that the corresponding moduli mka are also components 
of a tensor of the fourth rank, conjugated to the components hk pa . As h and 
p  are independent, then hk pa as well as mka will be components of an asymme
trical tensor of the fourth rank.

Let us introduce a new modulus into (93)

=  h(mka + m«k) and m!k« = ~  mak). (94)
Then, evidently

m'ha = m'*1) mka — mn- k ■ mkk = maa =  0.

We may represent V1 as a sum of V[ and V"  where

- 2  V[ = m'ka(hk pa +  ha pk),
- 2  F” =  m',:a{hk pa -  hapk),

(95)
(96)

the moduli mka in (95) are now components of a symmetrical, and in (96) the 
moduli mka of an antisymmetrical tensor of the fourth rank. With any trans
formation of coordinates the moduli m'ka will only transform into new symmetri
cal moduli, and the moduli mka only into antisyminetrical ones. Thus theFj 
and may be regarded as independent in any transformation.

In order to work out the symmetry conditions for the antisymmetrical 
moduli mka) following Voigt’s method, we make use of the properties of the 
14*
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stress tensor p (see p. 167) whose components transform like the components 
of the tensor formed out of the components of a single vector B  in the follow
ing manner, the sign -> being used to indicate similar transformation pro
perties.

=  p2 =  p22 P3 =  P 3 3 ^ £ | 1 (97)
Pi ~  Pza By Bz\ Ps =  P13 Bx Bz, p6 =  Pi 2 —>■ Bx By J

Let us form from the vectors B  and H  as given by (91), a new vector Y, the 
components of which are

Yx =  HyBz -  Hx By)
(98)

the other ones being obtained by circular changes in the indices. We can also 
form a new symmetrical tensor of the second rank

Yi = Txx =  HXBX; T4 =  Tyz = \  {Hy Bz -f Hz By) j
......................................................................................... [ • (99)

By multiplying the components of the vector Y  and of the tensor T  avc may 
obtain expressions which have the same transformation properties as the 
components of the antisymmetrical tensor {hk pa — ha pk) as given by (96) 
and which must also be conjugated with the corresponding moduli. After 
performing the calculation we find

( 1̂1 P22 — ^22 P11) “*■ ^ Y^T12 m12

(h i  P13 -  h a P n )  -> YzT i i - > mis

( h i  Pi2 ^12 Pi 1) YaBn  m 16

( h i z Pi z  ^ 1 3  P 1 2 )  ^ i ^ w —*■ Was

( 100)

(̂ 2 3 Pll 1̂1 P23) “  ̂ (^2-^12  ̂3 -̂ 13)

The remaining terms can be obtained by circular transformation. From (100) 
we see that the moduli m" are transformed as the components of the product 
of a vector with a tensor of the second rank.

Voigt (p. 146) deduces a way in which the components of a product of a vector 
component with a tensor component of the second rank can be reduced to
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components of a symmetrical tensor II of the third rank, to a tensor P  of the 
second rank and a tensor W of the first rank, namely

» i . .  “  j ( 2 L 5 T 1 s+  Yt T , ,) ... 

1
# 1*3 - 3- ( ^ 3 +  Y*T* ' + Y*T ^

*̂11 — (^2^13 — -̂ 3 ̂ 1 2) * * * 

P23 =  j [ ^ l ( ^ 2 2  -  ^33)
( 101)

+ (Y3T 13-  Y2T 12)]...

JFi =  Y 1(T22 +  T33) -  (F 2T12 +  Y3T 13) ...

Introducing this value by means of (100) in (96) we form the expression 

— V" = I l m  m'e!b +  ••• +  Hi nidi's ~~ mib) +  ••’ +  #3 3 2(W3B — m25) +

+  # 1 2 3  2('«?23 +  m 3 1 +  W 12) +  ^  [ P ll(m 31 —  m 12) +  ‘ • *

+  ^*2 3 ( m 14 +  m 2 i  +  M 3 4 )  + • • • ]  +  —  [ I k ,  (?r/2'4 m.3 4' •]• (102)

The remaining terms arc obtained by circular replacements of the indices; 
each term in this expression consists of two conjugate tensor components, and 
V" is an invariant for all coordinate transformations. From these components 
we may then form representation surfaces which must have the symmetry of 
the crystal. For the tensor of the third rank the equation for the representation 
surface will be (Voigt, p. 142)

m 65 +  W4 6 y 3 +  m 5 4 7-Z +  (Wag -  w [ ' 5) X2 1J +  (™3 6 -  m 26) y 2 Z +

+  { n , 1 4  -  r n 3 4 )  z Z  X  +  ( m 3 5  ~  m 2 b )  Z2 V  +  { m l 6  “  m 3 ( . )  * 2 Z  +

+ {m'2i -  w"4) y2 X +  2(?n23 +  m3X +  m"2) x y z  = ± 1  (103)

and for the tensor of the second rank (Voigt, p. 135)
{m31 -  »i"2) x 2 +  ( m " 2  -  W33) y2 +  ( m 2 3  -  m " ,)  z 2 +

+ (m"4 +  m2i +  m3i) y z  + (m"5 + m'2b +  m'3b) z x +
+  imi6 +  m'26 +  m36) x y  = ± 1  (104)

and finally, for the vector we get

(m24 -  W34) * +  (™35 -  ™"s) y  +  (m'l6 -  ™Z») Z = ±1.  (105)
The representation surface (103), (104) and (105) must have the symmetry 

of the crystal. For instance, if the crystal has an axis of symmetry of the third 
order, along the axis z, then in the rotation of the coordinate system 
round z by an angle 2 ji/3, the expression for the representation surfaces must 
remain the same. This rotation is produced by insertion of x ' , y' and z' instead 
of x, y and z, where

.t = — i(z '  — y ' p ) \  y =  -  i(.r'j/3 +  y')\ z =  z'. (106)

In order to have the new expression in x ' , y' and z' equal to the old one in 
x, y, z, a definite relation between the moduli m" is found. In a bismuth
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crystal beside the A (p  axes there are also three binary axes A (x2>. The require
ments of this symmetry can be found in a similar way by replacing

x = x'\ y = - y ' ;  z = - z ' .  (107)

For the moduli m" to satisfy this condition we find from (105) and (103) that 
each of the total coefficients, besides all variables, has to vanish. In the represen
tation surface (104) we find that the coefficients of x2 and y2 have to be equal 
and the coefficients zy ,  z x  and y x, have to disappear. This will give the fol
lowing relation:

< 3  + < 1  =  0, (10S)

and the remaining moduli have to disappear.
Besides the requirements of axial symmetry there is another requirement 

which can be made—that the magnetostriction in the crystal is a centri- 
symmetrical phenomenon (Voigt, p. 100). This requires that the moduli m" 
are represented by polar tensors (Voigt, p. 136). A change in expressions (103), 
(104) and (105) of # to —x , y  to —y and z to —z, simultaneously must not 
change their sign; this can only hold when all the odd terms of (103) and (104) 
are zero. This gives us the following relations between the moduli for an 
aelotropic body

m 6 5 = =  < 4 II O m 2 3  +  m 3 i  +  m i 2  —  9;

=  ^ 22 =  ™34 — a i  i m i 5  =  m 2 5  =  m 3 5  =
™ 1 6 =  K ' d =  ™36 =  a 3

(109)

Thus, for central symmetrical magnetostriction we have the number of moduli 
reduced to 26 instead of the original 36. Replacing these values in (104) wre get
(™si -  wij'a) x2 +  (mi'2 -  wig3) y2 +

+  (^23 -  ™3i) z2 +  3 («! y z +  a, x z -f «3 xy)  =  ± 1 .  (110)

This ellipsoid lias to satisfy the symmetry of the crystal, and for the case of a 
central symmetrical magnetostriction we get the following relations for m" 
for different crystal symmetries:

No symmetry w?23 +  m 31 +  r/q'2 =  0 «i dt) a3
AM The same 0 0 The same

A f \  AM The same 0 0 0
A<3), AM

4 3)
AM mi 2 =  0 1

(111)

A f \  AM m2 3 "1“ W31 = 9 ! ° 0 0

AM
A?*, AM j

AM AM AM j ^12 =  ^31 =  ^2 3 =  ® 0 0 0
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The condition of symmetry for the symmetrical moduli m' in expression (95) 
has been worked out by Voigt (he calls them “ Bitensoren, ” p. 577), and it can 
be seen that the stress tensor p  has the same transformation as the tensor h 
given by (91). The moduli mrka will have the same relation to the symmetry 
of the crystal as the elasticity moduli.

For a crystal system like that of bismuth having a trigonal axis along z 
and one of the three binary axes along x the symmetrical part m! of the magneto
striction moduli will have a symmetry similar to the elastic moduli, and will 
be arranged according to the following scheme:

K h2 h3 h K hs

Pi ........................ m l l m2 1 m'zi K i 0 0

P2........................ W 21 m'i i ”*31 -  m'n 0 0

Ps........................ m31 ^ 3 1 m33 0 0 0

Pi........................ m ' i - K i 0 m'a 0 0

Pz........................ 0 0 0 0 K i 2 » i «

p6........................ 0 0 0 0 2  m 41 2  ( m 41 —  / « 2 i )

. ( 112)

The moduli in a hexagonal system (graphite) will be similar, only m41 =  0. 
Then, combining the data for m' (112) with the data (111) given for m", we get 
for the bismuth crystal:

K h2 111 h h h6

Pi .............. m u m21 m3l m41 0 0

P i .............. m2l m u m3l - m 4 i 0 0

Ps.............. mi 3 m i  3 W33 0 0 0

P i .............. ml 1 - m 4 i 0 m 44 0 0

Po.............. 0 0 0 0 m 44 2 m 4 j

Pe.............. 0 0 0 0 2 m 4: 2 ( m j i  m2i)

(113)

Thus in bismuth we have seven quadratic moduli, one more than the number 
of elasticity moduli. The difference between (112) and (113) is only that for the 
A.M.S. moduli m13 m3 i- The hexagonal case is identical with (113) except 
that m14 =  0, thus reducing the number of moduli to six. In a cubic case the 
symmetry of the quadratic moduli is the same as for the elasticity moduli 
since the asymmetrical part completely disappears. The constants Mabj(X have 
slightly different symmetry properties. If again we put as in (92)

M\l,tx =  T f 2 2, % =  T f  2  M 3 3, x =  ^  3x i

2-^2 3ta = Mix'* 2M 12i(X - M 6a (114)
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we get
2 V'— ' 9 h  e* (115)

The tensor components of the strain ea are transformed as a product of two 
vector components in a different way from the pa (97), (Voigt, p. 167), namely

ei =  e2 =  EyEy, e3 =  EZEZ, |  (116)
= 2EyEz; e5 = 2ExEe\ e6 =  2ExEy . J

By choosing new constants
M k°a =  Mka for « =  1, 2, 3 and I f  =  2 M kec for a  =  4, 5, 6 (117)

and inserting these in (115) it can be seen that these constants a will have
the same symmetry relation as the moduli a . Thus for crystals like bismuth 
with Ai3) and A (3) we get

K Jl% ll3 K K K

e l ................ M u M 2 1 M 3 4 M t l 0 0

e 2 ................ M 21 M i  j M 3 4 1 ** M 0 0

e3 ................ m 13 M  4 3 M 3 3 0 0 0

e 4 ................ 2 M 41 - 2 M t l  0 2i¥44 0 0

65 ................ 0 0 0 0 2 ^ 4 4 4  M u

............... 0 0 0 0 4  M t l 4 (^ n  — M 2 i )

(ns)

The moduli m and M  are related to each other by the expressions (85) and (S6) 
by the elasticity constants of the crystal.

For the interpretation of our experimental results where we measure the 
change of length along the direction of the magnetic field we shall also need to 
know the moduli for different orientations of the crystal. Evidently the 
quadratic magnetostriction as observed in our experiments along the principal 
directions will be

Alz
L 4^ = C,

‘'T ^
AL

— e. -  w2„ ll \ .

(119)
Let us rotate the crystal relative to the magnetic field and proceed to observe 
the magnetostriction in the direction of the field. Then, if the crystal is rotated 
round the axis Z  and the field is applied perpendicularly, the longitudinal 
magnetostriction will remain the same, but if the field is moved in the plane 
z x round the axis y then the magnetostriction will change from the e3 to the 
e1. Using the results obtained by Voigt (p. 593) for the elasticity moduli, we 
find that if the magnetic field makes an angle 0 with the direction of the axis 
Z  the longitudinal magnetostriction will be

= -y (m 33 cosi 0  + (w31 + »q3 + ?n4i) cos20 sin20 -f m 22 sin40) H \ .  (120) 
'o 2
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4. T h e  E l e m e n t a r y  Co n s t a n t s  a n d  Mo d u l i  for  Ma g n e t o 
s t r i c t i o n  in  P a r a m a g n e t i c  S u b s t a n c e s

The present theoretical conception attributes the phenomenon of para- 
and fcrro-magnetism to the existence in the body of elementary magnets the 
moment of which we shall denote by p. In the unmagnetised condition the 
elementary magnets are oriented at random, and it is assumed that in all 
changes of magnetisation the magnitude of the elementary moment p is 
unaltered, and the magnetisation is only produced by a change in their direction. 
When a body is subjected to a stress p and a magnetic field II the contribution 
of each elementary magnet to the magnetisation of the body will be

A Pa (Pab T dab,a Pa) ^ b ’

The other two components are obtained by circular replacement of the 
suffix a. We callda6 and dab a the elementary susceptibility and the elementary 
moduli of magnetostriction respectively. If the position of our elementary 
magnets in the crystal lattice is known, the ordinary susceptibility and ordinary 
moduli with which we dealt in the previous section are obtained as the sum 
taken over all the elementary moduli for each p  in a unit volume of the body. 
From this summation the ordinary moduli will necessarily have the relation 
which is imposed by the crystal symmetry.

I t  can be shown that the general requirements of the theory of para- and 
ferromagnetism are sufficient to reduce the number of elementary moduli very 
considerably. Let the direction of the undisturbed magnetic moment p be 
given by a unit vector r whose components are r1, r2 and r3. We will now 
assume thatzl// is small relative to p. The condition that p  changes in direction 
but not in magnitude will then be that the scalar product

{ r Ap ) =  0 ( 122)

for all values of pa and Up. We then find from (121) and (122) that the follow
ing summations have to be equal to zero

=  chb,ara = ® when & =  1, 2, 3 and a =  1 ,2 , . . . ,  6. (123)

Let us now choose the coordinate axis to be related to the elementary magnet 
in such a way that the direction p of the undisturbed magnet coincides with the 
axis 3. This means that rl =  r2 = 0 and r3 =  1. Then from (123) we find that 
the elementary constants related to such a coordinate axis will be

Kb =  0; dub,a = 0 when a or b =  3 1 ^ 24)
Kb 4= 0; da b 4= 0 when a or b =t 3 j

This reduces the number of dab constants from 6 to 3, and the number of dab a 
constants from 36 to 18. Further, if the crystal has a central symmetry as in
the case of bismuth, in general it will be necessary that the moduli in (124)
should satisfy the condition of central symmetry (109). We then find that all 
the moduli are equal to zero with the exception of the following twelve:

dii, d\2, d12, d16, d21, d22, d2Z, d2G, dG1, dG2, d63, d66, (1^5)
Cl'K 14 a
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and between these moduli the following relations have to exist

^ 1 6  ^ 6 1  =  ^ 2  6 ^6  2 ^6  3

^ 2 3  “I” ^ 1 2  =  ^ 1 3  "P  ^ 2 1

Thus, from (125) and (126) the assumption of permanency of magnetic moment 
combined with the central symmetry reduces the number of independent 
elementary constants to 9 instead of the 36 which are generally possible. In 
particular cases a further reduction may be obtained by convenient choice 
of the axes a and b relative to the lattice of the crystal.

I t  is evident that in elaborating a detailed physical picture of the phenomenon 
of magnetostriction, care has to be taken that the physical assumptions are 
not contradictory to requirements (125) and (126). The probable physical 
meaning of the elementary constants and moduli of magnetostriction for para
magnetic bodies will be that the deformation of a lattice may change the mole
cular field which keeps the elementary magnet oriented in certain directions 
and hinders orientation under the influence of the applied magnetic field. In the 
general formula for paramagnetism, the interaction forces between the lattice 
and the elementary magnets is taken into account in the term 6, expression 
(50), and when the paramagnetism constants of a solid obey the law of magneti
sation of an ideal paramagnetic gas and d =  zero, no magnetostriction is 
possible, since it is evident that the only constant in formula (74) which can 
change with stress or strain is 0.

The physical picture of diamagnetic magnetisation and magnetostriction 
will be considered in the discussion of the experimental data for bismuth at 
the end of Part V.

In conclusion I  would like to thank Dr. P. A. M. Dirac for his helpful criticism 
and for verification of the mathematics.
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P a r t  I V .  T h e  M e th o d  o f M e a su r in g  M a g n e to s tr ic tio n  
in  S tro n g  M a g n e tic  F ie ld s

1. T h e  E x t e n s o m e t e r

The principle of magnification, as used in the special balance for studying 
magnetisation, and as described in Part I, Section 3 of this paper, may be 
very conveniently applied for measuring small changes in length. By attaching 
one end of the rod in which the magnetostriction is to be examined to the 
diaphragm of the balance (4), Fig. 1, and fixing the other end rigidly, a change 
in length of the rod when magnetised will displace the diaphragm and this 
displacement will be recorded on the photographic plate with a large magni
fication. A balance similar in dimensions to that used for susceptibility measure
ments has a magnification of about 105 times, and since we can easily distinguish 
deflections of 0-2 mm on the photographic plate this will correspond to a 
possibility of measuring changes in length of 2 x 10~7 cm in the rod examined. 
In actual practice some precautions have to be taken when using the balance 
as an extensometer of such high sensitivity. The main difficulty occurs in 
fixing the free end of the rod rigidly. Should it be absolutely rigid, even a 
very small thermal expansion in the rod caused by accidental temperature 
variation will produce a considerable deformation of the diaphragm, and 
unknown and uncontrollable strains will develop in the rod as well as in other 
parts of the apparatus; this will make the conditions of the experiment indeter
minate. The difficulty is easily avoided by taking advantage of the short time 
of experiment. Instead of fixing the end of the rod rigidly, we attach it to a 
massive piston moving with great friction in oil; it is obvious that during 
1/100 of a second, owing to the inertia of the piston and the large friction 
produced by the viscosity of the oil, the fixed end of the rod will be practically 
motionless, and the displacement of the diaphragm will be equal to the change 
of length of the rod. On the other hand, during the comparatively long interval 
between the experiments, the accidental changes in length due to thermal 
expansion will be compensated by the displacement of the piston, and the 
load on the diaphragm and the strain on the rod will be constant and the 
same in each individual experiment.

There is also an important modification made in the balance itself when it is 
used as an extensometer. The diaphragm (4), Fig. 1, is made of much thinner 
constantan sheet to reduce the restoring force of the balance to a minimum; 
this is necessary in order to keep the stress in the rod constant while the mag
netostriction is being produced.

The detailed arrangement of the extensometer as used in our experiments 
is shown on Fig. 11. The balance (1) is placed on a thick slate slab (2) which is 
fitted with levelling screws and is placed on the suspended slate table above the 
coil. By means of two quartz connection rods (3) and (4), the diaphragm of the 
balance is attached to the top end of the examined rod (5) which is placed in 
the centre of the coil (6) (shown schematically). The lower end of the rod (5)
14a*
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is fixed to the piston (9) by means of a thick-walled quartz tube (7) sealed in 
the cap (8) which is screwed into the piston. The piston (9) is made of aluminium 
and is in the form of a hollow cylinder which is fitted into cylinder (10) made 
of phosphor-bronze. The fitting is very accurate and the allowance is the

29

minimum necessary to assure a free motion of the piston in the cylinder. Four 
strong bolts (11) provide that the cylinder (10) is rigidly fixed to the slate 
slab (12), and four strong brass bars (13) keep the bottom slab (12) rigidly 
suspended below the slab (2). An ebonite ring (14) is waxed to the plate (12) 
providing a receptacle for the viscous paraffin oil which surrounds the piston 
and fills the cylinder (10). The piston (9) being in the form of a ring has the 
advantage of keeping all parts of the extensometer above the coil, thus con
siderably simplifying the manipulation in setting and assembling the apparatus..
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This is done as follows: the examined rod has first to be attached to the quartz 
rods (4) and to the tube (7); the method adopted is shown in Fig. 12. The rod 
(5) has on each of its ends a small ball (a) of diameter slightly larger than the 
diameter of the rod itself. These balls prevent the rod from sliding out of the 
caps (b) and (c), which are shellaced to the quartz rod (4) and the tube (7). 
The small balls were easily made from solder or shellac, but the latter substance 
was found to be less satisfactory since it did not provide a sufficiently rigid 
bearing and could be easily deformed. The cap (c) is made of a short piece of

F ig . 12. Details of the fastening of the examined rod in the extensometer.

glass tube which fits the quartz rod (4), and the bottom is constricted to leave 
a hole slightly larger than the diameter of the rod (5). The cup (b) is similar 
except that it is made from slightly larger bore glass tube, and is fitted to the 
inside of the quartz tube (7). This method of fastening has the advantage of 
providing two universal joints between the ends of the rod and the quartz rod 
and tube, so that when the rod is fixed in the apparatus it is automatically 
aligned in the middle of the quartz tube (7) and is not subjected to a bending 
force. The disadvantage of the system is the difficulty in obtaining accurate 
measurements of the length of the rod, necessary for comparing the relative 
changes in length in different experiments.

A thin diaphragm (15) fitted with a hole in the middle to fit rod (4) ensures 
that the latter is always in the centre of the tube (17) and prevents it from 
dropping down when the apparatus is assembled. In this way the holder (8) 
with the quartz tube (7) and the rod (4) form a separate unit which can be 
comfortably handled without straining the examined rod.

The assembly of the apparatus is carried out as follows: after the holder 
(8) is screwed to the piston (9) and the rod adjusted in the centre of the
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coil (6), the balance is placed on the slab (2). The connection between the dia
phragm of the balance and the link (3) and between this link and the quartz 
rod is made by ball and slot universal joints made of brass. In order to connect 
the link (3) with the rod (4), the height of the piston must be adjusted ; this is 
done by opening the tap (16) which provides free communication between 
the oil inside cylinder (10) and that outside in the ring (14). The motion of 
the piston is so viscous that without this tap it is practically impossible to 
move it appreciably. When the piston is adjusted to the proper height the 
tap is shut and the ball is seated in the slot and the joint between (3) and (4) 
is made. The image from the mirror of the balance is adjusted on the plate 
and the balance is fastened to the slate plate (2) by means of three screws (17). 
When the tap (16) is again opened and the piston allowed to fall down more 
quickly it can be seen that the image on the plate suddenly begins to move 
rapidly down, and this means that the weight of the piston has loaded the rod 
and the diaphragm. After waiting some time the tap (16) is again shut and 
the apparatus is ready for use.

A gas cryostat was used for the study of magnetostriction at low tempera
tures. This is shown on Fig. 11 where the rod under test is surrounded by a 
vacuum flask (25) which has its bottom end open and is fixed by means of an 
indiarubber cork into the neck of a Dewar vessel (26). Liquid nitrogen can be 
evaporated from the Dewar flask by means of an electric heater, causing a 
stream of cold gas to flow round the specimen, thus diminishing its temperature. 
Temperature measurements were effected by a thermocouple (27) (Figs. 11 and 
12) made of copper and constantan wire, the end of which was in contact with 
the bottom ball of the investigated specimen. Down to the temperature of 
liquid air this was found to be a sufficiently accurate method for temperature 
measurement, which we required to be accurate within one or two degrees. 
By regulating the current in the electric heater the rate of evaporation of 
nitrogen could be adjusted and the rod cooled down to the required tempera
ture. The lowest temperature obtainable is two or three degrees above that 
of liquid nitrogen.

From the general arrangement of the cxtcnsomctcr it is evident that the 
specimen is always under the tension produced by the weight of the piston 
(9) and of the quartz tube (7). This weight is about 130 g in most of the experi
ments. When studying the dependence of the magnetostriction on the stress, 
however, an arrangement was provided by means of which the stress could be 
diminished by applying a lifting force to the piston. The piston is provided 
with a cross rod with two tags (28) which are attached to the lever (29); by 
attaching weights (30) to the lever the piston is pulled up and the stress can 
be diminished by the required amount. Increase in stress is simply attained 
by loading the piston with weights.

2. T h e  Ca l i b r a t i o n  of t h e  E x t e n s o m e t e r

The problem of finding a method for calibrating the extensometer in order 
to find its magnification power carried with it considerable difficulties in our 
case, since in order to do this we required to produce a displacement of the
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diaphragm of the balance of the order of 10 “5 cm in a very small fraction of a 
second, and at the same time to know the value of this displacement sufficiently 
accurately. The magnification power could then be rapidly obtained by 
measuring the resulting deflection of the extensometer. At first we attempted 
to use the piezo crystal effect, but found that the constant in this case was not 
sufficiently well known. We then tried introducing a platinum wire instead

of the rod (5), recording its thermal expansion when heated by a strong current, 
but here we met with difficulties in the necessity of accurate measurement of 
the time and complicated heat conductivity conditions. However, from this 
experiment, preliminary figures were obtained which enabled us to estimate 
the magnification power within limits of 25 per cent. Later on, a simple method 
which proved to be quite accurate and reliable was arrived at, and this method 
was used for obtaining the magnification power of all our balances and extenso- 
meters. The principle of it is shown on Fig. 13. A small steel rod (31) is placed 
in the two holes (32) made in the sides of a cylindrical cap (33) screwed to the 
piston (9). In place of our holder (8), Fig. 11, the middle of this rod rests on
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a steel edge (34) which is attached by means of a quartz rod (35) to the dia
phragm of the balance (1). The steel rod is slightly bent as it carries the weight 
of the piston (in the drawing this bend is very much exaggerated). To a thin 
thread (36) attached to the steel edge (34) a knorvn weight (37) is suspended. 
A trigger device (38) enables the weight to be lifted at the required moment. 
As already stated, the rod (32) is bent by the weight of the piston; the weight 
on the diaphragm of the balance consists of the weight of the piston (9), the 
rod (31), the connection rod (35), and finally the attached weight (37). I t can 
be seen that vrhen the weight is suddenly lifted the bending force on the rod
(31) is in the first instance increased as the piston remains stationary owing to 
friction and inertia, and the diaphragm, being now submitted to a smaller 
load, rises. If the displacement of the diaphragm is z and the lifted weight 
(37) p, then the bending force on the rod (31) is changed by p — z /, where /, 
as before, is the restoring force of the diaphragm. As the displacement of the 
middle point of the rod (31) is equal to the displacement at the diaphragm and 
is proportional to the change in the bending force, we get

z = C' (p — z f ) , (127)

where C' is the coefficient of proportionality defined by the elastic properties 
of the rod (31). I t  is obvious that C' could be determined from the theory of 
elasticity, but it can be done more simply and accurately in the following way.

A longer piece of the same rod Avas bent betAvecn two supports distant D 
apart, being about four times greater than the distance d between the supports
(32) . Larger weights could then be applied and the bending easily measured 
Avith a standard cathetometer. If in this case the displacement of the middle 
of the rod per unit AA'eight Avas found to be C, then from the elementary theory 
of elasticity Ave get that

C' = (dlD)*C. (128)

If the magnification poAver of the balance is taken, as before to be E, and the 
deflection of the spot on the photographic plate is Z, then (127) can be rcAvritten

Z/E =  C(djD)i (p -  / Z/E). (129)

From a separate set of experiments of unloading the balance as described in 
Section 4, Part I, avc determine the sensitivity of the balance Avliich Ave call S, 
and AA'hich represents the deflection observed on the plate Avhcn the diaphragm 
is loaded by 1 g. Then

S = Ejf. (130)

We may then obtain from (129) and (130) the formula from Avhicli the magnifica
tion of the balance is determined

Z(Dfd)4 
(p -  SZ) C (131)

In an actual experiment, tAvo commercial silver steel rods of diameters 1-99 mm 
and 2-3 mm Avcre used for determining D. The mean results obtained for 
both rods Avcre very close, but there Avcre irregular variations for eATcry rod, 
probably due to the fact that they Avcre not exactly circular.
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The average magnification power of the balance which we used as an cxtenso- 
mcter was found experimentally to be 0-80 x 10s with a possible error of 
±  3 to 4 per cent. The magnification power could probably be estimated with 
greater accuracy if more accurately circular rods were used.

From the magnification power E  and the sensitivity S  of the balance, the 
restoring force / of the diaphragm could be easily obtained from (130). This was 
done for the balance used for the magnetisation measurements described in 
Part II.

3. P r o p e r t i e s  of t he  E x t e n s o m e t e r  a n d  P e r f o r m a n c e  of t he
E x p e r i m e n t s

The diaphragm, the connecting rods (3), (4) and (7), and the examined rod 
(5), Fig. 11, form an elastic system in the extensometer which can oscillate. 
Two kinds of oscillation are possible—longitudinal and transverse. We will 
first consider the longitudinal vibrations: it is obvious that in general they 
may be of a complicated character owing to the variable elasticity and inertia 
of the links. As in the case of the balance used for the study of the magnetisa
tion, when performing measurements in a time of the order of a hundredth of 
a second, to obtain an accuracy of within 1 per cent it is only necessary that 
the natural frequency of the oscillation should be over 1000 per sec. In the 
case of the extensometer this means that of all the modes of vibration of 
the connecting links only those of the lowest frequency have to be considered. 
In practice the cross-section of the connecting links is chosen to be such that 
the rod under test is the least rigid link, and thus the period T  of this lowest 
frequency vibration will be

T  =  2 7i ]/{31 l /Ys) ,  (132)

where M  is the effective mass of the links (3) and (4) and of the oil in the balance 
(in our extensometer about 8 g), Y  is the Young’s modulus for the rod, I is 
its length, and s its cross-section.

I t  was found that it was always possible to have the rod of such a cross- 
section that the lowest natural frequency was well below the required limit. 
The longitudinal oscillations are damped by the oil in the balance, as lias been 
described before for magnetisation experiments.

The transverse oscillations are of much lower frequency and are not damped 
at all by the oil, so that serious troubles might arise. Actually, if the rod is 
placed accurately in the centre of the coil and no sideways force acts on it, 
then these oscillations never start. In  cases where the rod was a strongly 
magnetic substance (iron or nickel) and was not centrally adjusted, waves 
superimposed on the general picture could be observed on the oscillograms 
having a frequency about 100 per sec which were due to this transverse oscilla
tion. With proper adjustment of the rod they practically disappeared.

When the examined rod changes its length in the magnetic field and the 
diaphragm of the balance is displaced, the stress in the rod changes and this 
will make the deflection slightly smaller than it should be for the actual change 
in length of the rod. I t  can then be shown that to obtain the actual change in
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length A I, we shall have to multiply the observed change in length A I' by a 
constant factor

A l  = AV (1 +  I f lY s ) ,  (133)
where /  is, as before, the restoring force of the diaphragm and the other quanti
ties are the same as in expression (132). This correction is only necessary 
when considering the absolute value of the phenomenon since it does not 
change the relative values of the deflections. To reduce this correction to a 
minimum the diaphragm in the balance is made as thin as possible, being just 
thick enough to withstand the load of the piston. In our balance, with a 
diaphragm 0-06 mm thick, this correction never amounts to a larger value 
than 1 or 2 per cent.

The experiments for measuring the magnetostriction were carried out in 
exactly the same way as for the measurements of susceptibilities described in 
Part I. Oscillograms were obtained on which the deflection of the extenso- 
meter and of the current oscillograph were recorded side by side on the same 
photographic plate, and were measured in the same way as before. The relative 
change of length of the examined specimen was obtained from the extensometer 
curve, namely

—  =  Z lE l > (134)

where Z  is the measured deflection on the plate, I the length of the examined 
rod and E  the magnification of the extensometer. A positive sign for Al/l 
represents an increase of length of the rod, and a negative sign a contraction. 
The magnetic field used was obtained from the current oscillogram; the 
experimental data are represented by curves where Aljl is plotted against H.

4. T h e  S t r a y  E f f e c t s  a n d  t h e  A c c u r a c y  o f  t h e
E x p e r i m e n t s

A number of factors which have to be taken into account when considering 
magnetostriction phenomena are similar to those which influenced the measure
ments of susceptibility. As we have discussed these factors in detail in Parts I 
and II  of this paper they will only be mentioned briefly.

The influence of the natural frequency of the system as obtained from (132) 
can be estimated in the same way as described in Section 5, Part I; in most 
cases the natural frequency of the extensometer was higher than that of 
the balance as used in the magnetisation experiments, and its influence on the 
present experimental results correspondingly smaller. The influence of the 
magnetic field on the current oscillograph has to be taken into account, but 
owing to the coil being in a different position in these experiments the effect 
was considerably smaller than in the earlier experiments and at its maximum 
amounted to only 1 or 2 per cent.

Some different stray effects had to be considered, and we shall first of all 
discuss the effect due to the forces produced by the magnetic field on different 
parts of the extensometer. The force on the connecting quartz rods and tubes 
is very small and docs not deform them sufficiently to have an appreciable
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effect. This was easily checked by connecting the rod (4) with the quartz 
tube (7) and replacing the specimen (5) by a glass or quartz rod, when no 
appreciable effect could be observed. Any possible motion of the piston due 
to the magnetic forces may also be taken to be negligible and can easily be 
checked by putting a load on the piston and suddenly unloading, when no 
deflection is observed, even if the load is several times larger than the possible 
force on the parts of the extensometer placed in the magnetic field.

The magnetic force on the specimen itself was usually too small to produce 
any appreciable effect and only had to be carefully considered in the case of 
ferro-magnetic substances. When experimenting with ferro-magnetic sub
stances the examined rod had to be placed very accurately in the centre of 
the eoil. This accuracy of position could be checked by suspending the rod 
(5) on the balance and disconnecting it from rod (7) and the piston; the height 
of the extensometer above the coil being then adjusted in such a way that no 
appreciable deflection is obtained, which indicates that the rod is exactly in 
the middle of the coil. I t  is of great importance to avoid any sideways force 
because, as has been already stated, this will cause transverse oscillation. Any 
transverse oscillation can easily be traced since it spoils the shape of the 
oscillogram.

The eddy currents produced in the metal parts of the extensometer due to 
the time variation of the magnetic field proved to be much more troublesome. 
These eddy currents interacting with the field produced sufficient force to 
deform the frame of the extensometer, causing appreciable motion of the 
zero. This phenomenon was easily traced in the experiment where the rod (5) 
did not show any magnetostriction (i.e., a quartz rod): a deflection occurred 
which had one sign when the current was rising, and an opposite sign when the 
current was dropping in the coil, giving a curve of very similar shape to that 
of curve Ft (Fig. 3, p. 367). By fastening the different part of the apparatus very 
rigidly together and making the connecting parts as strong as possible, and 
at the same time using the minimum number of metal parts, we were able to 
reduce this stray phenomenon to a negligibly small value. The remaining 
minute traces of the phenomenon were eliminated from the final experimental 
results by the same method as used for the susceptibility measurements—by 
averaging the values of the rising and falling parts of the oscillogram curves.

When the rod under test is a metal of high conductivity, forces in the rod 
itself due to the interaction of the induced current and the magnetic field 
become of appreciable magnitude. Two kinds of stray phenomena may inter
vene. First, if the rod is placed centrally in the coil, but is of such a length 
that the field has an appreciable gradient from the middle to the ends, a 
longitudinal stress is produced due to the force acting on the two ends in 
opposite directions. This force is calculated in expression (41), and if the 
topography of the field inside the coil is known the longitudinal deformation 
of the rod can be obtained from the elastic properties of the rod. This .stray 
effect can be evaded by making the field as uniform as possible.

A second and much more serious stray effect is produced by induced currents 
which originate as follows: as the induced currents flow in a circuit lying in
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a plane perpendicular to the direction of the magnetic field, an electrodynamic 
force is produced which lies in the plane of the induced current. This will 
result in a radial force which will spread through the volume of the rod and 
will be equal to

R = I H ,  (9)

where H  is the magnetic field and I  is the density of the current as given by 
expression (39). Substituting this value for I, we get

R
8H
H 7 (137)

As a result of this, the cross-section of the rod will either increase or diminish, 
which will also produce a longitudinal strain. In calculating the magnitude 
of this effect we notice that the force R  is somewhat similar to a centrifugal 
force, except that it increases from the axis of the rod as the first power of 
the radius instead of the square. A calculation similar to that used for calculat
ing strains in infinite rotating cylinders3 can be applied for finding the longi
tudinal strain in our case. Taking the magnetic field to be a sine function of 
time [expression (20)] we find for the longitudinal strain

M
~ T

2 n d a  
3 t  q Y

H q c o s t sin t. (13S)

In this expression a is the radius of the rod, o its specific resistance, <5 Poisson’s 
ratio, Y  Young’s modulus, and r  the period of the magnetic field. The maxi
mum value of expression (138) is when t = \x, and the corresponding moduli 
of this stray effect, expressed in the same way as our A.M.S. moduli, will be

v%i
n da 
3 T Q Y (139)

For a rod having a high conductivity it will be seen that these moduli may be 
very large. For instance, for a copper rod of 1 mm diameter at room tempera
ture, the value will be 1-6 x 10~16; and for some metals, having a high conduc
tivity, which we have studied the magnitude of this stray effect was so great 
as to prevent us from asserting the possibility of the presence of a small magneto
striction. In order to obtain better results for these metals of high conductivity, 
rods of smaller diameter would have to be used, and this would involve making' O
an extensometer with smaller masses of the moving parts. This we hope to 
be able to do in due course. Since this stray phenomenon will evidently have 
different signs on the rising and falling parts of the current wave it can be 
easily noticed in experiments, and if the magnitude is not excessive it may 
be practically eliminated in the way already described.

I t  is also evident that all the stray effects due to eddy currents are eliminated 
at deflections of the extensometer corresponding to the maximum value of 
the magnetic field.

Finally, the induction currents produce a heating of the examined rod which 
causes it to expand. The magnitude of this phenomenon can be obtained by 
using expression (44), (Section 2, Part II) combined with the coefficient of
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thermal expansion. On the oscillogram, this expansion will result in a shift 
of the zero line. This stray effect was only found to be appreciable when using 
metals of high conductivity. In our researches with bismuth at ordinary 
temperatures wc found that after the experiment there was always a minute 
zero shift which indicated that there had been a slight expansion of the rod. 
By measuring the deflection on the oscillogram from the line connecting the 
zero position before and after the experiment this stray effect could be practi
cally eliminated.

Taking all these stray effects into account we could, with our present experi
mental arrangements, detect relative changes of length due to magnetostriction 
of the order of 10“7. We estimate the accuracy of our experiments as follows: 
First, the dependence of the magnetostriction on the magnetic field for one 
particular rod was of relatively high accuracy, being within about 1 per cent. 
Secondly, the comparison of the magnetostriction in two different rods was 
less accurate, as use of expression (134) involves the necessity of exact knowledge 
of the length of the rods, and owing to the method by which the rod was fixed 
in the extensometer as shown on Fig. 2 the effective length could only be esti
mated to 0-5 or 0-25 of a millimetre. The accuracy in this case was thus only 
within 3 or 4 per cent. Finally, the estimation of the absolute value of magneto
striction involves, from (134), the necessity of exact knowledge of the magnifica
tion power of the extensometer, and this was only known to within 3 or 4 per 
cent. The absolute value of the magnetostriction could therefore only be 
estimated within 6 or 8 per cent. In the present stage of the study of the 
phenomenon this was considered to be sufficient.
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P a r t  V. E x p e r im e n ts  on  M a g n e to s tr ic tio n  in  D ia -  a n d  

P a ra m a g n e tic  S u b sta n ces

1. E x p e r i m e n t s  on  M a g n e t o s t r i c t i o n  i n  B i s m u t h

1.1. Introduction

The bismuth rods used for the experiments were of circular cross-section, 
the diameter being about 1 mm and the length varying from 1 to 2 cm. The 
rods were prepared in the usual way by extrusion of the metal, and afterwards 
grown into crystals of the desired orientation by the method described by the 
author in a previous paper.12 Except where specially stated, the bismuth used 
was obtained from Hilger and was 99-993 per cent pure, and was the same as 
that used for the experiments on magnetisation described in Part II  of this 
paper. The rods of bismuth were fixed in the apparatus as shown in Fig. 12. 
The two globes which held the rod were made of low melting point Newton 
alloy; the length of the rod was measured by a travelling microscope. The rods 
when placed in the extensometcr were submitted to a stress produced by the 
weight of the piston (9), Fig. 1, and by different connecting links. The force 
due to the weight of these parts amounted to 127 g which produced a stress 
of about 15 kg per square centimetre on the specimen under examination. 
Later it will be seen that the phenomena observed are actually independent 
of the stress.

The experimental results arc represented by curves. The relative increase 
of length A Ijl multiplied by 106 is taken for the ordinates, and the abscissae, 
as before, represent the field in kilogauss. In weak magnetic fields, for all 
orientations of the crystal, we found that the increase in length followed the 
square law, and in this case the experimental results could be expressed by the 
moduli of magnetostriction as defined in expression (119). The magneto
striction effect was very large and the possible stray effects were small in 
comparison and coidd be regarded as negligible.

As the C.M.S. is proportional to the diamagnetic susceptibility it will have, 
at low temperatures, the largest moduli perpendicular to the trigonal axis. 
Thus, taking the values for the susceptibility from Part II, p. 393, and inserting 
in equation (70) we find the corresponding moduli at the temperature of 
liquid nitrogen to be —0-1 x 10~16 or, as will be seen, a fraction of a per 
cent of the actual moduli of the A.M.S. For other orientations and tempera
tures the moduli of the C.M.S. are even smaller. The moduli of the T.M.S. 
are of the same order, and when calculated from equation (89), taking the 
values for the expansion coefficient of bismuth crystals given by Roberts,21 
we find the highest of the moduli at room temperature to be that perpendicular 
to the axis —0-08 x 10~16. In this case the TAPS, only reaches about 1 per 
cent of the A.M.S. We see therefore that the CAI.S. and T.M.S. can be dis
regarded in comparison with the A APS.
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The Magnetostriction along the Crystal Axis
The magnetostriction along the principal trigonal axis was studied on a 

number of specimens and all gave the same results. The crystal used for the 
most accurate set of experiments was a rod 13-5 mm long and 1 mm in dia
meter, and the crystal axis was parallel to the axis of the rod within one or 
two degrees. Oscillogram 1, p. 448, illustrates the magnetostriction at room 
temperature. The curve M  is traced by the extensometer, the curve I  by the

Fig. 14. T he lon g itu d in a l m agn etostriction  in  a b ism u th  crysta l. 
P ara lle l to the trigona l crystal axis. Curve 1 a t 288°K ; curve 2 a t  87°K . 

Perpendicular to the trigona l crystal axis. Curve 3 a t  28G°K; curve 4  a t  214°K ; 
curve 5 a t  160°K ; curve 6 a t  128°K ; curve 7 a t  87°K .

current oscillograph. The maximum field in this oscillogram was 250 kG at 
which the relative increase of length was 20-7 x 10~6. The change of length 
as a function of the magnetic field is ploted on Fig. 4. Curve 1 is for room 
temperature (188°K); curve 2 for the temperature of liquid nitrogen (— 87°K). 
Each of these curves has been obtained from two sets of oscillograms, one for 
weaker fields up to 150 kG, and the other up to the full strength of the field 
of 250 kG. Curves were also obtained for intermediate temperatures, but 
since they had the same appearance and lay close to each other between 
curves 1 and 2 we did not plot them graphically. In all these cases the 
magnetostriction takes a very simple form; it has a positive sign (i.e., the rod
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expands), and within a range between 40 and 250 kG, follows the square law. 
At room temperature this law holds accurately within the limits of experimental 
error, but at the temperature of liquid nitrogen there is a small departure 
when in the stronger fields the increase in length is slightly less than would 
be expected from the initial square law. The departure can easily be seen 
on curve 2, Fig. 4, at a field of 250 kG—according to the square law 
the magnetostriction should be about 5 per cent larger than that actually 
observed. This deviation is small, and for all practical purposes we can assume 
that the phenomenon follows the square law, which makes it possible to 
express it by means of the moduli of magnetostriction as defined bjr ex
pression (119), nameljq

i i  =  I m 33iP . (139)

The experimental data for ?n33 obtained at different temperatures are given in 
the following table.

Table 2

T em perature K 288° 21G° 172° 126° 87°

m , 3 x  1016 6-G 7-0 7-8 8-2 8-8

Plotting m33 as a function of T  as in Fig. 15, curve 1, it is seen that in the range 
considered, m33 may be taken as a linear function of the temperature according 
to the expression

™33 =  wi®3(l. -  f}z T) (140)

in which we find /?3 — 1T7 x 10~3 and m33 =  9-8 x 10“16. Comparing the 
change of moduli ?«33 with the change of magnetic susceptibility along the 
same axis as obtained in a previous experiment [expression (09)] we notice that 
the dependence of m33 on the temperature is the same as for the corresponding 
X33, except that the temperature coefficient a  has the smaller value of 0-76 x 
10~4. This suggests that the two quantities are simply related as we should 
expect from the general theory [see expressions (78) and (79)]. The possible 
causes for the difference of 40 per cent between <x and (5 will be discussed later.

The Magnetostriction Perpendicular to the Main Crystal Axis
The most accurate experiments were made for this direction on a crystal 

rod 16-3 mm long in which the trigonal axis made an angle of 87° with the 
axis of the rod, and one of the three binary axes made an angle of 5° with the 
axis of the rod. In the complete range of temperatures studied, the magneto
striction was negative (i.c., the rod contracted), and the nature of the phenome
non was of a much more complicated character than the magnetostriction 
along the axis described in the previous paragraph.

The experimental results at different temperatures arc given in Fig. 4 by 
curves 3 to 7. Each of these curves Avas obtained from two sets of oscillograms;
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one for a maximum field strength of 250 kG, and the other for a field 
strength up to 70 kG. (For the sake of the clearness of the drawing we have 
only plotted these points on curves 3 and 7.) Curve 3 is for room tempera
ture, and the oscillograms from which it is obtained are reproduced in 
Plates 27 and 28, pp. 448 and 449; the former being for strong fields and 
the latter for weak fields. I t appears that for the weak fields the magneto
striction is proportional to the square of the magnetic field, but after 100 kG 
there is a marked deviation from the square law, and at 250 kG the deviation 
reaches a value of 30 per cent, the magnetostriction being less than would 
be expected from the initial square law. As we go to lower temperature 
(curves 4, 5, 6 and 7) the magnetostriction in the iveak fields increases 
in magnitude, and the deviation from the square law also increases. Finally, 
as can be seen on curve 7 (taken at the temperature of liquid nitrogen), the 
deviation takes on the character of a “ saturation” phenomenon. This can 
also be seen from oscillograms 2, 3 and 4, which correspond to curves 3, 6 and 7 
which relate to temperatures of 288°Iv, 128°K, and 87°K respectively, the 
maximum magnetic field being 250 kG in each case. On oscillogram 2 the 
curve M  traced by the extensometer has a similar shape to that on oscillogram 
1 for the effect along the axis, except that it has an opposite sign. At lower 
temperatures the general character of the curve changes, and on oscillogram 3 
(128°K) the flattening of the curve traced by the extensometer can be seen, 
and is still more marked on oscillogram 4, taken at the temperature of liquid 
nitrogen.

In the weak magnetic fields where the square law is obeyed, change of 
temperature has a marked effect. From oscillograms 5, 6, 7, 8 and 9, correspond
ing to a maximum field of 70 kG, are taken the initial parts of curves 3, 4, 
5, 6 and 7 on Fig. 14. I t  can easily be seen that at room temperature (oscillo
gram 5) the maximum amplitude of the extensometer at 70 kG is small; it 
increases as the temperature gets lower, and finally, in Plate 28,7, the magnitude 
is about 5 times greater. Were it not for the saturation effect, in a field of 
250 kG at the temperature of liquid nitrogen, the magnetostriction would be 
at least five times larger than at room temperature and would reach the 
extraordinary value of — 1-2 x 10~4. Owing to the saturation effect, however, 
the magnetostriction perpendicular to the crystal axis at 250 kG is of the same 
order of magnitude as at room temperature.

At the present stage of our investigations of this phenomenon, it is hardly 
worth while to look for an analytic expression for the shapes of the curves for 
the saturation effect as obtained at low temperatures and in strong fields, and 
in the first instance we shall limit ourselves to the weak fields where the square 
law seems to hold and where we can therefore express the phenomenon by the 
moduli of magnetostriction ml x. Even in this case we meet with certain 
difficulties. At temperatures not much below room temperature we can easily 
obtain the moduli by measuring the oscillogram in the case parallel to the 
axis; but a t lower temperatures, approaching that of liquid nitrogen, we 
encounter a serious difficulty. If, for instance, we take oscillogram 7 and plot 
the magnetostriction against the square of the magnetic field, and draw a
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tangent from the origin we find mxx to be about — 40 x 10 '16, but later on 
we find that the value of mxx obtained in this way will not answer the require
ments of the symmetry relations of the crystal as deduced in the previous 
part for a crystal of the symmetry of bismuth. For instance, we found that 
the experiments on the magnetostriction of crystal rods with their trigonal 
axis making an angle varying from 0° to 90° with the magnetic field, which 
should follow expression (120), according to the requirements of the symmetry 
relations, do not satisfy the expression. This led us to a very careful examina
tion of the curve traced by the oscillograph. By means of a special photometric 
magnifier, the oscillograms obtained at low temperatures were again magnified 
and measured with great accuracy. I t then appeared that the magnetostriction 
has a much more complicated character than originally assumed: in the very 
weakest fields up to 15 kG at the temperature of liquid nitrogen it seems to 
follow the square law, and we find that mxx =  —20-8 x 10 ~16. However, 
with stronger fields, before the saturation appears, the increase in length is 
much more rapid than would be given by the square law, and probably corre
sponds to at least the fourth power, and only then begins to diminish again and 
go to saturation. Thus the true values of mxx can only be obtained in a region 
of very weak fields lying between 0 and 20 kG, a range where our method is 
evidently not accurate since it is not meant to deal with weak fields. In this 
region our data will eventually have to be checked by using an ordinary 
electromagnet.

The values obtained from our experiments for the initial parts are tabulated 
for different temperatures in Table 3.

Table 3

Tem perature K 286° 214° 160° 128° 87°

mix x  10"16 - 8 - 0 -  11-2 -  15-4 -  18-G -  20-8

The dependence of mxx on the temperature is given in Fig. 15 by curve 2, and it 
can be seen that we have an approximately linear law which can be expressed
by

mxx =  24-5 x 1 0 16(1 -  2-4 x 1(F3T). (141)

Comparing mxx with the magnetic susceptibilit}7 y lx as observed at different 
temperatures perpendicular to the axis (Part II, p. 394), we see that the 
temperature coefficient is 24 times larger for mxx than for the susceptibility. 
Since the calculation of the moduli at low temperatures is not very certain, as 
stated above, and the error will always tend to increase the value of mxx at 
low temperatures, the actual coefficient of /?x may be smaller.

In the plane perpendicular to the trigonal axis, according to the symmetry 
requirements, the quadratic magnetostriction must be the same in any direction 
and mxx must be equal to m22. In strong magnetic fields, however, when the 
deviation from the square law is observed, the longitudinal magnetostriction 
may, a priori, vary in the plane perpendicular to the trigonal axis. To examine
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this question we compared the magnetostriction in crystal rods grown per
pendicular to the trigonal axis, but having the binary axis either perpendicular 
or parallel to the axis of the rod. The next comparison is not easy, as the 
experimental errors arising from comparing the absolute values in two rods is 
rather large, as explained before; also, as already mentioned in my previous 
paper, the growth of (good) crystals of this orientation is difficult and this 
introduced more error. However, the results of the experiments show that 
the general character and magnitude of the phenomenon is the same when 
the binary axis is parallel or perpendicular to the magnetic field. In both 
eases we observed saturation and the difference may be only in details.

m33xl°

F i g . 15. T he dependence of th e  m oduli o f th e  quadratic A .M .S. on th e  tem perature. 
Curve 1 for m oduli m33; curve 2 for m oduli mn .

The Longitudinal Magnetostriction at Different Angles to the Trigonal Axis, and
Magneto-slipping

A number of crystals were grown with the trigonal axis inclined to the rod 
at an angle varying from 0° to 90°, the binary axis being in the plane passing 
through the rod and the trigonal axis. Unfortunately, when we came to study 
the magnetostriction under these conditions we found that the phenomenon 
was interfered with by an unsuspected disturbance; the rods began to elon
gate in the magnetic field in an irreversible way. The phenomenon is illustrated 
in Plate 28,10, taken for a crystal whose axis made an angle of 58° with the field, 
the maximum field being 141 kG and the temperature that of liquid nitrogen. 
On this oscillogram it can be seen that until the point marked X the rod 
contracts in the usual way, but after X it begins to elongate until the point 
marked Y where the abnormal elongation stops, and the rod elongates as 
would be expected in fields of diminishing strength. Thus is seems that between 
X and Y there is a plastic deformation of the rod resulting in an increase of 
its length which can be seen on the oscillogram since the extensometer reading
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docs not return to the initial zero. In a number of cases the magnitude of this 
irreversible increase in the length of the rod was so large that the spot of the 
extensometer left the plate altogether, and the remaining portion of the curve 
is not found on the plate at all. Sometimes the increase of length of the rod 
occurs in two stages; after a certain increase the rod begins to contract nor
mally, and then again the irreversible phenomenon happens. I t  general the 
phenomenon has a very irregular character, but is much more pronounced at 
low temperatures and stronger fields; after several exposures to the magnetic 
field its magnitude gradually diminishes; in most cases it degenerates into 
small irregularly placed ripples on the curve. The most probable explanation 
of this phenomenon is as follows.

I t  is known that in bismuth the basal plane perpendicular to the trigonal 
axis is a very good cleavage and sliding plane. When this plane is either 
parallel or perpendicular to the axis of the rod, plastic elongation is not easily 
produced since the other slipping planes are much less perfect; we assume 
that the phenomenon observed is due to slipping at the main cleavage plane, 
this explains why it is only observed when the angle between the crystal axis 
and the rod differs from 0° to 90°, for this reason we shall call it magneto- 
slipping. The mechanism which accounts for this phenomenon is probably 
very trivial, as it is quite inconceivable to think that the magnetic field affects 
the forces of cohesion when the crystal begins to slip, and in this case the 
phenomenon would no doubt have a much more regular character; therefore 
it seems most likely that it is due to imperfections of the crystal. We may 
picture the phenomenon occurring in the following way: the imperfections of 
the crystal introduced by impurities and stresses are probably not evenly 
distributed throughout its volume—there are places where the crystal is less 
pure and less perfect. When the field is applied, the magnetostriction pro
duced in the impure parts is different in magnitude from that produced in the 
purer parts. This produces internal stresses which, combined with the longi
tudinal pull applied to the specimen while it is under examination, reach 
in places such high values as to make the crystal slip along the cleavage planes. 
Since the internal stresses due to the magnetostriction are probably distributed 
at random, while the applied stress has a definite direction, the sum of both has 
a preferential direction resulting in an elongation of the rod. This picture is 
confirmed by some experimental results given in the next paragraph where it 
will be shown that the impurities have a marked effect on the magneto
striction, this effect being especially noticeable at low temperatures where 
magneto-slipping is mucli greater.

The gradual diminution of the magneto-slipping with increased time of 
application of the field may probably be accounted for by the development 
of cracks along the basal plane, the existence of which has already been 
described by the author in a previous paper.12 After exposure to the field, 
cracks develop in the places where there is the largest internal stress, and in 
these places, by a subsequent application of the field, the internal strain docs 
not rise beyond a definite yield point. In order to check the accuracy of this 
view, experiments were made with crystal rods made of bismuth, which we
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received towards the end of our researches, which was twice as pure as that 
used previously. We vacuum distilled this bismuth in a quartz vessel and 
grew the crystals in vacuo; this was done in order to exclude as far as possible 
the presence of any occluded gases, the presence of which no doubt plays an 
important role as an impurity of the metal. A crystal made of this pure bis
muth which had the same orientation, 58°, as that for which oscillogram 10 
was obtained, actually showed on experimental examination much less slipping, 
and after five exposures with a maximum field of 248 kG at the temperature

90 60 30 0

6, degrees

F ig . 16. T he m oduli mg for th e  quadratic A .M .S. Curve 1 a t  room  tem perature; 
curve 2 a t  th e  tem perature of liquid  nitrogen.

of liquid nitrogen it was possible to observe the magnetostriction. The curves 
obtained on the oscillograms still showed small ripples which are due to 
magneto-slipping, but the phenomenon was undisputably smaller than in the 
bismuth previously examined, and this tends to confirm our view. I t  wall be 
seen later that the magneto-slipping phenomenon also occurs in graphite 
crystals where it probably has a similar origin.

The magneto-slipping phenomenon prevented us from making an accurate 
study of the magnetostriction for all intermediate orientations of the crystal 
with the rod between 0° and 90°. These investigations can only be carried 
out with some degree of accuracy in weak fields where the phenomenon is very 
small. In these fields the magnetostriction follows the square law, and, as has 
been shown in expression (128), the moduli me of the longitudinal magneto
striction when the angle formed by the trigonal axis with the magnetic field
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i,s 0, will be connected with the moduli, m33, m31, m13, mi i  and mxl in the 
following wav.

=  -r- [ m 33 cos4 0 +  (m 31 + m 13 -f ?n44) cos20 sin20 +[q 2

+ mxl sin40] IP = — me IP. (142)

The study of the magnetostriction along these directions gives the possibility 
of determining the sum of the moduli m31 +  m13 -+- ra44. The experimental 
data for m0 at room temperature arc plotted on curve 1, Fig. 16, by open 
circles; the curve shown by a continuous line is calculated from (142) by 
taking

m31 -r ml3 +  mii =  16 x 10-46.

It will be seen that within the experimental error the points lie well on the 
theoretical line. At the temperature of liquid nitrogen, as has already been 
stated, the determination of the moduli from the square law part of the 
experimental curve when the angle Q is close to 90° is not very accurate, but 
still, taking the sum of the moduli m31 +  m13 +  mii  = 23-5 x 10“16 we get 
curve 2, Fig. 16, where the experimental points arc marked by open circles; 
fair agreement is again obtained with experiment.

We have already mentioned that unless the moduli mxx arc deduced with 
special care the experimental points would lie absolutely out of the curve; 
the close agreement is thus a check on the accuracy of the moduli mxl for low 
temperatures.

Magnetostriction in Multicrystalline Rods
Experiments were also made with extruded rods of bismuth. In this case 

the magnetostriction is much smaller than for mono-crystals. This is due to 
the fact that the orientation of the micro-crystals is at random, and since 
along the axis the magnetostriction is positive, and perpendicular to the axis 
it is negative and both phenomena are of the same magnitude, they nearly 
cancel each other. As a rule, a t room temperature, the balance between contrac
tion and elongation is always in favour of contraction, and all the rods which 
wc examined showed a diminution in length which followed the square law. 
This is what we should expect, since at room temperature both elongation 
and contraction separately follow the square law.

We also found that the magnitude of the magnetostriction varied consider
ably in different specimens, this probably being due to some preferential 
orientation of the micro-crystals produced during extrusion which varied from 
specimen to specimen. In most cases we observed that the magnetostriction 
for a multicrystallinc rod was at least four or five times smaller than the 
magnetostriction perpendicular to the axis. The magnetostriction, at room 
temperature, of an extruded rod nearly twice as long as that used in the 
experiments with mono-crystals is shoAvn in Plate 28,11. I t  will be seen that the 
maximum deflection of the extensometer is much less than in the correspond
ing oscillogram 2 for a crystalline rod. The magnetostriction at the temperature
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of liquid nitrogen fora multicrystalline rod is shown in Plate 28,12 the oscillo
gram in this case has a peculiar shape—the rod first contracts very rapidly, 
but after reaching a certain value it begins to expand again. This shape of 
the oscillogram is easily explained from the results of the study of mono- 
crystals. The contraction of the micro-crystals which happen to have their 
axes perpendicular to the field at low temperatures initially, is much larger 
than the expansion of the crystals with their axes parallel to the field and this 
accounts for the steeper rise of the curve for multicrystalline bismuth as seen 
in oscillogram 12. When the intensity of field is reached where the saturation 
begins to manifest itself, the contraction of the microcrystals having their 
axes perpendicular to the magnetic field becomes very small, while the micro
crystals which have their axes parallel to the axis of the rod still continue to 
elongate—this phenomenon becomes dominant and the rod begins to elongate. 
I t  is interesting to note that in multi crystalline bismuth we never observe a 
magneto-slipping effect, and this supports our view that the phenomenon is 
a slipping on the cleavage planes, since it is evident that in multicrystalline 
bismuth a large internal strain must also occur, but it cannot result in any 
residual deformation in the absence of well-defined slipping planes which are 
present in the mono-crystals.

The Influence of Impurities
The previous studies of the different magnetic properties of bismuth revealed 

the great influence of the presence of even small amounts of impurities. In 
view of this, and also to obtain a check of our proposed explanation of the 
magneto-slipping phenomenon, we made some experiments on bismuth which 
was less pure than that used for the experiments described. This bismuth 
was supplied by Kahlbaum and was similar to that used for some experiments 
in the study of change of resistance in strong magnetic fields.12 A spectroscopic 
examination showed that it contained lead and silver in at least ten times the 
proportion present in the bismuth obtained from Hilger. The experimental 
results for mono-crystals are given in Fig. 17. Curves l x and 2X are obtained 
with the axis parallel to the field and represent the magnetostriction at room 
temperature and at the temperature of liquid nitrogen respectively. The 
corresponding curves for mono-crystals of pure bismuth as given on Fig. 14 
are shown for comparison on Fig. 17 by broken lines. I t  is seen that the magneto
striction for impure bismuth follows in general the same law, but its magnitude 
is smaller, being about 12 per cent less a t room temperature and about 22 per 
cent less at the temperature of liquid nitrogen. As has already been stated, 
the comparison of the absolute values of the magnetostriction for various 
rods is liable to a considerable error, but even this error could not account 
for a difference of 12 per cent. The comparison of the temperature coefficients 
is free from the error inherent in the absolute measurement of the length of 
the rod, and the temperature coefficient as given in expression (140) for 
the impure bismuth is found to be twice as small as that for pure bismuth. 
Thus the magnitude of the magnetostriction in impure bismuth increased less 
rapidly with decreasing temperature than in pure bismuth.
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For the magnetostriction perpendicular to the trigonal axis the influence 
of the impurities is still more marked. The experimental results for pure and 
impure bismuth arc plotted on the same diagram (Fig. 17), where curves 3* and 
7* are for impure, and curves 3 and 7 taken from Fig. 14, and marked by a 
broken line, are for pure bismuth. Curves 3* and 3 are for room temperature, 
and curves 7* and 7 for the temperature of liquid nitrogen. At room tempera-

0 100 200 300

Field, kilogauss

F ig .  17. Magnetostriction in impure bismuth crystals.
Crystal axis parallel to the field. Curve l x at room temperature; curve 2* at the temperature

of liquid nitrogen.
Crystal axis perpendicular to the field. Curve 3X at room temperature; curve 7X at the tem

perature of liquid nitrogen.
(The corresponding curves for pure bismuth taken from Fig. 14 are plotted by broken

lines.)

ture the magnetostriction in impure bismuth follows the square law, but is 
about 7 per eent smaller than in the pure metal. At the temperature of liquid 
nitrogen the difference is still more marked; at the beginning it appears that 
the magnetostriction of impure bismuth is slightly larger, but the “ satura
tion value” at 250 kG is only 00  of the value for pure bismuth. Thus we see 
that there is complete evidence for assuming that the phenomenon of magneto
striction is affected by impurities, and the difference in magnitude of this 
effect is larger, the stronger the field and the lower the temperature. We shall 
see later on from the discussion of the results that the influence of impurities
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on the magnetostriction is in some aspects similar to that observed in the 
galvano-magnctic phenomena.

The Influence of Stress on the Magnetostriction

I t  has been already stated that during the experiments the rod in the 
extensometer was submitted to a stress of about 15 kg per square centimetre. 
It was conceivable that this stress might have a certain influence on the 
character of the magnetostriction; in particular, the saturation effect observed 
with the field perpendicular to the crystal axis at low temperatures might be 
accounted for by the failure of Hooke’s law for such large deformations. To 
examine this point a set of experiments was made in which the magneto
striction was observed in the same rod for different stresses. For these experi
ments the piston (9), Fig. 11, was either loaded by placing weights directly on 
its top, or unloaded by attaching weights, (30), to the lever (29). The specimen 
of bismuth used was a crystal rod with its axis perpendicular to its length, and 
was the rod for which curves 3 to 7 on Fig. 14 were obtained. The magneto
striction was observed under stresses varying from 10 to 27 kg per square 
centimetre; this gave a range of stresses of 17 kg which would correspond to 
a strain in the specimen of 5 x 10~5, about one and a half times larger than 
the maximum magnetostriction observed. In spite of this large strain, the 
curve for the magnetostriction was the same as when the piston was unloaded, 
both at the temperature of liquid nitrogen and at room temperature. The 
only effect observed was that with the maximum strain of 27 kg per square 
centimetre the magnetostriction was reduced by about 5 per cent in com
parison with the strain of 10 kg, and this reduction was the same for all field 
strengths. This small effect, if it is genuine, must be regarded as negligible for 
all practical purposes; but it is more probable that this observed difference 
can be accounted for by a reduced magnification power of the extensometer 
which is conceivable when the thin diaphragm of the balance is very strongly 
loaded.

2. T h e  S t u d y  o f  M a g n e t o s t r i c t i o n  i n  o t h e r  W e a k l y  
M a g n e t i c  S u b s t a n c e s

Besides an extended study of the magnetostriction of bismuth, we made a 
number of experiments with various other non-ferromagnetic substances, 
mainly with a view to finding out the magnitude of the possible phenomenon 
and what experimental’conditions would be necessary for studying them in 
more detail at a later date. We have chosen the most characteristic metals 
from all places in the periodic system. In some of these we were able to find 
an A.M.S., but on a considerably smaller scale than in bismuth. In these 
experiments we tried as far as possible to use crystals, and in many cases an 
X-ray examination of the crystals was required. For all these X-ray examina
tions I  am indebted to the kindness of Mr. J. D. Bernal, who was good enough 
to make them for us. 
cpk  15
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Antimony
Antimony is above bismuth in the periodic system, and has the same 

crystal lattice; it also shows on a reduced scale all the special magnetic and 
galvano-magnctic properties of bismuth. There was very little doubt that 
antimony would also show the phenomenon of magnetostriction, and to 
verify this we took a multicrystalline extruded rod made of the same antimony 
as used in the previous experiments4 which was obtained from Kahlbaum. 
The rod was T15 mm in diameter and 21-5 mm in length. At room tempera
ture a quite distinct negative magnetostriction was observed and the experi
mental data obtained are plotted on curve 1, Fig. 18. I t  will be seen that the

Fig. 18. Longitudinal magnetostriction for multicrystallinc antimony rod. Curve 1 at 
room temperature; curve 2 at the temperature of liquid nitrogen. The magnetostriction 
perpendicular to the hexagonal axis in Ceylon graphite. Curve 3 at 2S0°K; curve 4 at

165°K; curve 5 at 90°K.

phenomenon appears to follow the square law. At the temperature of liquid 
nitrogen the magnetostriction changes sign and becomes positive as shown on 
curve 2, Fig. 18. Here it will be seen that there is a marked departure from the 
square law, in general similar to that observed for multicrystallinc bismuth 
rods under the same conditions. This experiment shows that the behaviour 
of antimony is analogous to that of bismuth, but the phenomenon is on a 
smaller scale. More careful experiments will have to be undertaken with 
properly grown crystals.

Graphite
Graphite crystals arc known to be very strongly diamagnetic, and to show 

large changes of resistance in magnetic fields. We also found that it has a 
considerable magnetostriction—the next largest after bismuth. We could not 
obtain a mono-crystal of graphite of sufficient size from which a rod could 
be cut for the study of the magnetostriction. We therefore took a bunch 
of natural crystals obtained from Ceylon which had their cleavage planes more
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or less in the same direction, and cut out a rod of square section, 1 mm x 1 mm 
and 20 mm long parallel to the cleavage plane. The rod was fastened in the 
holder, Fig. 12, by making the spheres a of shellac. The magnetostriction 
was found to be positive and four or five times smaller than that of bismuth. 
The experimental results at room temperature are given in Plate 28, 13 where 
the maximum field was 250 kG. At low temperatures, the magnetostriction 
increases in magnitude, but the magneto-slipping phenomenon interferes as 
in bismuth and has the same appearance and character, gradually diminishing 
its magnitude after a number of exposures, after which it was possible to 
obtain reasonable oscillograms. The magnetostriction was positive for all 
temperatures and followed the square laiv; it increased strongly with decreased 
temperature and no saturation phenomenon was observed. The experimental 
results arc plotted on Fig. 18. Curve 3 is for room temperature (288°K), 
curve 4 for 165°K, and curve 5 for 90°K. Graphite is hexagonal and has six 
moduli to describe its quadratic magnetostriction. The symmetry of these 
moduli is very similar to that of bismuth, except that in (113) we have to put 
mli  =  0. The numerical values for the moduli m11 measured in our experi
ments are given in the following table.

Table 4

Temperature 288°K 165°K 90 °K

m l -L x 1016 1-2 1-5 2-2G
y x  106 -3 -6 -4 -5 — 7 (approx.)

I t  is seen that the magnetostriction increases with diminishing temperature 
more rapidly than would be given by a linear law. The magnetisation in 
Ceylon graphite as found by Owen22 also increases rapidly as the temperature 
drops. In his paper, Owen only gives a small scale curve for the diamagnetic 
susceptibility in his experimental results for powdered graphite, and the 
lowest temperature at which his measurements were made is 100°K. By 
measuring his curve and extrapolating it to 90°K we obtained the value for 
the susceptibility given in the last row of Table 1. I t  can easily be seen that 
the ratio between the susceptibility and the moduli mll remains about the 
same at all temperatures, that is, 3 x 10 ~10. This shows that close relation 
between the diamagnetic constant and the moduli of magnetostriction which 
will be discussed later.

The stray effects due to induced currents are very small in graphite. The 
C.M.S., as will be shown, may be very considerable, but since it has a negative 
sign it can only decrease the actual observed A.M.S.; the T.M.S. also has a 
negative sign. Thus the observed phenomenon is due to the A.M.S. In order 
to find the exact value of the C.M.S. we must know the elastic properties 
and susceptibility of graphite crystals perpendicular to the hexagonal axis. At 
present the measurements of the susceptibility in graphite crystals are not 
very reliable. Along the crystal axis Owen finds the value — 15 x 10~6 for a 
particular specimen. If graphite is also diamagnetic, perpendicular to the axis,
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the susceptibility of a powder, as can be shown from purely geometrical 
considerations, cannot be larger than — 5 x 10"6. Actually, Owen’s measure
ments give — 3-6 x 10~6. Honda and Sonc23 also determined the susceptibility 
of graphite crystals. Along the main axis of a particular specimen they obtained 
a maximum value of —21-6 x 10“6; perpendicular to the axis the susceptibility 
varied according as the binary axis was parallel or perpendicular to the field. 
For instance, in the specimen mentioned which showed the largest diamagnet
ism, the values obtained were —4-72 x 10~6 and —0-23 x 10~6 respectively. 
This result is in direct contradiction with the requirements of symmetry of 
hexagonal crystals, according to which the values should be the same (see 
Voigt20, p. 312). Since it seems probable that the presence of iron as an im
purity would not be sufficient to explain the anisotropy observed, we must 
conclude that it must probably be attributed to imperfections of the crystal 
lattice of the examined crystal.

The elastic properties of pure graphite have been measured by Pirani and 
Fehse24, who found that for graphite fibres where the preferential orientation 
was for the individual crystal to have the axis perpendicular to the length of 
the fibre, the value of Young’s modulus was 82 x 10~6 dynes/cm2. Poisson’s 
ratio has not been measured, but since it varies little in different substances 
and is never known to be less than 0-25, we 'will not underestimate the C.M.S. 
in taking this value. Taking the density of graphite to be 2-1, we get for the 
volume susceptibility perpendicular to the axis, possible values ranging from 
— 9-9 to —0-48 x 10"6 which, according to expression (70), will give values 
of the moduli of C.M.S. ranging between m11 =  —0-6 and —0-03 x 10~6. 
Comparing these moduli -with those observed, we sec that it is possible on the 
strength of the present experimental evidence that the C.M.S. diminishes the 
actual A.M.S. by a value of from 50 to 2-5 per cent. Thus the values given in 
Table 4 may conceivably be increased by this amount.

Gallium
From gallium obtained from Hilger and which was about 99*6 per cent pure, 

a rod of 0-5 mm cross-section and 18 mm length was cast, the metal being 
similar to that used for previous experiments.4 The end balls (a), Fig. 12, of 
the rod were made by melting the end of the rod and allowing it to collect in 
a drop. Owing to its high resistivity and the small value of the induction effect 
it was possible to measure a small negative magnetostriction in gallium which 
obeyed the square law. In the first experiments at room temperature we found 
that m =  —0-8 x 10~16, and at the temperature of liquid nitrogen m =  
-0 -48  x 10“18. When we repeated the experiment at room temperature the 
next day we found that the value obtained for m was —0-4 x 10“6, which 
was half the previous value. This variation of m is probably due to the fact 
that at room temperature gallium is very close to its melting point, which 
is about 30°C, and, as in most metals at temperatures near their melting 
points, recrystallisation under strain takes place. I am indebted to Mr. J. 
D. Bernal for making this suggestion. The crystallographic changes which 
occurred overnight accounted for the variation in the moduli.
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Gallium is known to have a tetragonal lattice which is of low symmetry. 
An X-ray examination of the gallium rod showed it to be a good crystal with 
its tetragonal axis inclined at 29° to the axis of the rod. I t  is interesting to 
note that gallium is diamagnetic, and shows a considerable increase of resistance 
in magnetic fields. The C.M.S. in gallium*is small compared with the observed 
magnetostriction.

Tin

The tin used was the same as for previous experiments.4 The rod was 6 mm 
long and 1 mm in diameter, and was grown in a crystal by the same method 
as used for bismuth. The crystal was very soft and fixing it in the extenso- 
meter considerably disturbed it. Also when placed in the extensometer it 
began to slip, due to the stress. Thus the X-ray examination showed a strongly 
disturbed crystal with its axis normal to the 001 plane, making an angle of 
18° with the axis of the specimen. Large stray effects intervened due to induc
tion, and the results were not very certain since the observed magnetostriction 
was very small and appeared to have the same magnitude at the temperature 
of liquid air as at room temperature. At present, from the results of these 
experiments we can only give the range of the possible values of the moduli, 
namely,

0 < m < 0-3 x 10"16.

We may note that tin is hexagonal and diamagnetic.

Beryllium

The same beryllium was used as in previous experiments4 and was kindly 
given by Dr. Rosenhain. The rod was only 7 mm long and was cut from a 
crystal with its axis making an angle of 60° with the axis of the rod. The 
influence of stray effect was very large, and it was only possible to establish 
the fact that if a magnetostriction existed it would have moduli lying in a 
range given by

0 <  m 5S 0-35 x 10~16.

' Magnesium

The same metal was used as for previous experiments4, and a rod 22 mm 
in length and of cross-section 1 mm x 1 mm was cut from a casting. An 
X-ray examination showed it to be poly crystalline. The stray effects were 
considerable and no large magnetostriction was observed. The limits of the 
possible magnetostriction arc

0 <  m 0T x 10"16.

Tungsten

From the few existing paramagnetic metals we have chosen tungsten as 
an example. A rod 10 mm in length and of 1 mm x 1 mm cross-section was 
cut out from a single crystal kindly given to me by Dr. van Arkel. The axis 
15a*
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was normal to the 100 plane and made an angle of 82° with the axis of the rod. 
An X-ray examination showed only a slight disturbance in the crystal. No 
large effect was observed, but a small positive magnetostriction is probable. 
At present we can only give the following possible limits for the moduli 
of magnetostriction •

0 <  m ^  0-2 x 10“16.

Rock Sail

We also tried to find a magnetostriction in rock salt with a practically 
negative result. A rod 20 mm long and of 1 mm x 1 mm cross-section was 
cut out of natural rock salt crystal in such a way that the 100 plane was 
parallel to the axis of the rod. No magnetostriction was observed, but it was 
difficult to fix the rod rigidly in the cxtensomcter since it broke very easily. 
As far as we can say, the possible limits for the moduli of magnetostriction 
are

0 <  m ^  0-15 x 10“16.

3. Co n c l u s i o n

With the means which we now have at our disposal it was possible to estab
lish the presence of the phenomenon of magnetostriction in bismuth, antimony 
graphite, gallium and probably tin and tungsten. For the other substances 
which we examined—beryllium, magnesium and rock salt—we can only 
establish with certainty at present the limits of the possible magnetostriction, 
since the observed phenomena could conceivably be attributed to stray effects. 
I t  seems probable that the A.M.S. is a general phenomenon and that it occurs 
in these substances as well as in many others, but owing to the reduced scale 
of the phenomenon in these cases the sensitivity of the method would have to 
be raised at least ten times for useful results to be obtained.

The main difficulties in the study of small magnetostrictions in metals are 
primarily due to the stray induction effects. As has already been stated, part 
of this stray effect could be avoided with a coil having a longer bore giving a 
more uniform field that the present one. The other part of the induction 
effect as given by (137) is inevitable and can only be avoided by using a current 
wave with a flat top as described in a previous paper.2 We may also notice 
that the stray effect diminishes with decreasing diameter of the rod examined; 
unfortunately, the use of specimens having a small diameter introduces a number 
of new difficulties in our present cxtensomcter since the load on the specimens 
will be too high and the natural frequency will be too low to make experiments 
in short periods of time.

A still greater hindrance in these experiments lies in the softness of a number 
of crystals such as tin and cadmium, which only get hard when considerably 
deformed. In order to make the extensometer operate, a certain hardness of 
the substance is necessary. This necessary hardness can probably be reduced, 
but, even so, the softness of some crystals is so great that experiments are 
impossible without considerable deformation.
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From the present evidence we see that in general the most marked A.M.S. 
occurs in diamagnetic substances having a crystal lattice of low symmetry, 
and which are also known to change their resistance considerably in magnetic 
fields.

4. The General  Moduli  oe tiie A.M.S.
As has been shown in Part III, the number of moduli of quadratic magneto

striction in an aelotropic body is 36. The requirements of central symmetry 
reduce this number to 26, and a further reduction for crystals having a trigonal 
symmetry like bismuth brings the number down to 7 [table (113)]. Thus, in 
order to describe completely the quadratic magnetostriction in bismuth, 
seven independent observations of the magnetostriction are required. The 
present experiments have been made on the longitudinal magnetostriction 
and only enable us to determine the moduli m11, to33 and the sum m13 + m31 +  
m44.* In order to obtain the other four remaining moduli, observations on 
transverse magnetostriction or on change of volume are required. For a 
hexagonal crystal such as graphite the number of independent moduli is 6, 
and up to the present we have only determined one; the determination of 
the remaining moduli involves extensive investigations of a more complicated 
character which at present would be scarcely justified before a general theoreti
cal outline of the origin of the phenomenon is worked out to direct the research. 
We shall see that the present results are already sufficient to impose quite 
definite requirements on a theory of A.M.S.

Should the A.M.S. follow the square law, as it docs in graphite for all ranges 
of magnetic field, it would be possible eventually to determine the remaining 
moduli of quadratic magnetostriction. Actually, however, we have seen that 
in bismuth crystals in the plane perpendicular to the trigonal axis the longi
tudinal magnetostriction follows the square law in weak magnetic fields only, 
while in stronger fields the phenomenon which we called the “ saturation 
phenomenon” occurred. If we attempt to describe it by means of moduli of 
higher order which appear in the expression for the thermodynamic potential
(75) it will easily be seen that we have to go to very high orders for these 
moduli. This leads to great technical difficulties; for instance, if we consider 
the next order moduli of the type ma6crf a we shall find that for a completely 
aelotropic substance the number of independent terms will be 90. The require
ments of symmetry will considerably reduce this number, and a further 
reduction will follow from the observations which show that saturation occurs 
only in the plane perpendicular to the crystal axis. Even so, the number of 
moduli will still be large and further terms in high powers of H  would be 
required; this makes it impracticable to use a scries such as (75), for the 
representation of the phenomenon. The following method seems to us to be 
more convenient. From our experimental results we found that the magneto
striction in bismuth is unaltered by an independent stress and this means 
that in (75), we only have to consider the moduli of the first order relative

* I t has to be remembered that the moduli used all the time differ in some cases by a 
factor of 2 from the original one, mal a, as given by expression (92).
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to pa. This gives us the possibility of writing the thermodynamic potential in 
the following integral form

U1 = —d + S —f  nabIIbdIIa - p af  naba II b d / / a. (143)

In this expression nab and naba may be any function of the three components 
of II and of the temperature. Differentiating U1 by IIa, we get for the mag
netisation

I  a  (nab nab,aPoi) H b • (144)

Prom which we see that nab is equivalent to the magnetic susceptibility in an 
unstressed body, and when the magnetisation is proportional to the magnetic 
field, nab is equal to the ordinary susceptibility A/ ab (79). In a similar way 
n ab,<x in the case of quadratic magnetostriction is identically equal to the 
moduli mabx. We may call nab and nab a the general susceptibility and the 
general moduli respectively, as they may be any function of the magnetic 
field and the temperature. The magnetostriction ex will then be from (143)

e* = f  nab,*HbdIIa. (145)

Thus, the observed magnetostriction is related to the moduli nab a 
following way

n">" = ir b
jK
dlL,

in the 

(146)

which enables us to reduce at any field strength the general moduli of magneto
striction from the experimental data. This has been done for the moduli 
%ii , i  °f bismuth by differentiating the curves 4, 5, 6 and 7 on Fig. 14. These 
results are plotted on Fig. 19 as functions of II

We found that the differentiation involved in the experimental curve 
necessitated more accurate measurements of the oscillograms than were made 
previously; for this purpose a special planimctric enlarger was constructed 
in collaboration with Mr. E. Laurmann. The main principle on which this 
enlarger works is that the middle of the line on the oscillogram plate is found 
photometrically by using a photo-cell, and this permits a considerable increase 
in the accuracy of the measurements. By this means the curves obtained could 
readily be differentiated, and the actual points obtained lay smoothly on the 
curves shown on Fig. 11. Curve 4 corresponds to curve 4 on Fig. 14, taken 
at 214°K; similarly, curves 5, 6 and 7 on Fig. 19 correspond to the same 
curves on Fig. 14. From these curves it wrill be seen that the general moduli of 
thcA.M.S., ?q1(1, are a complicated function of the magnetic fieldH x. In the 
range of weak fields in which x has a constant value and the magneto
striction is a quadratic one, the range of magnetic field within which Jin  i is 
constant diminishes as the temperature is reduced. Thus at the temperature 
of liquid nitrogen the value of l is markedly increased at 20 kG, and at 
50 kG it reaches a well-defined maximum; it then drops very rapidly and at 
280 kG is very small. At a first glance it appears that ?iu  j at high fields tends 
to zero which will correspond to a saturation effect, but to establish this with
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greater certainty, experiments at lower temperatures will have to be carried 
out, since from the present experimental data the possibility that beyond 
300 kG the value of nxx may cross the zero line and take a positive value 
cannot be completely excluded. In this case it is evident that the name of 
saturation effect will scarcely be justifiable.

H, field, kilogauss

Fig. 19. The dependence of the general moduli of longitudinal magnetostriction and n lu  x 
on the magnetic field. Curve 4 at 214°K; curve 5 at 160°K; curve 6 at 12S°K; curve 7

at 87°K.

5. T he  I n f l u e n c e  of S t r e s s  on Ma g n e t i s a t i o n

The experimental value for nxll> as will be seen from (144), permits us to 
deduce the influence of an independent stress on the magnetisation. If wc 
denote the magnetisation along the X-axis in the unstressed state by 1\, for 
a bismuth crystal we get from (144) that a stress perpendicular to the trigonal 
axis will produce a relative change in magnetisation equal to

h ~ l \
A

n ii,i
n Pui i

(147)

If wc calculate the change in magnetisation at the temperature of liquid 
nitrogen and for weak fields, taking nxl to be equal to the volume susceptibility 
deduced from the results in Part II, p.394 ( — 2-04 x 10-6 x density 9-8) 
and from Table 3 reu i  = 20-8 x 10~16, we find that with unit applied stress 
the magnetisation will change by T04 x 10~10 of its original value. Since the 
maximum stress which it is permissible to apply to bismuth crystals without 
producing a plastic deformation is about 3 x 107 dynes/cm2, we see that we can 
only produce a change of magnetisation equal to 0-3 per cent, and it will be 
noticed that the orientation of the crystal which we have chosen gives us the
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maximum effect possible. Making the experiments at 50 kG where nlltl reaches 
its maximum value, we double the change of magnetisation obtained in weak 
fields, and raise the value to 0-6 per cent. This illustrates the difficulty involved 
in experiments on the change of magnetisation with stress. The direct experi
ments on magnetostriction will probably give the best method of studying 
the general moduli

6. T he  R e l a t i o n  b e t w e e n  S u s c e p t i b i l i t y  a n d  A.M.S.

Let xab be the volume susceptibility of a substance, and let it be any function 
of the temperature and the magnetic field, and also a linear function of the 
strain p. Then, as in expression (79), we may write

b, a dp*
(148)

W c see that the meaning of the general moduli of magnetostriction is that 
they represent the change of suceptibility when a stress is set up in the crystal 
lattice. The most general and natural physical picture which we can form in 
order to explain the influence of a stress on the susceptibility is as follows. 
We know that the susceptibility of a substance is accounted for by the way in 
which the electrons move within the body. This motion of the electrons is 
first of all defined by the electronic structure of the individual atom, and 
secondly by the symmetry of the crystal lattice. The application of a stress 
will produce a small change in the relative positions of the atoms in the lattice; 
this will cause the motion of the electrons to be perturbed, and this will account 
for the change in the susceptibility. This perturbation being very small, we 
would expect the general character of the motion of the electrons not to be 
altered, which leads us to the simplest and most natural assumption: that a 
distortion of the lattice due to a stress p produces a change in the susceptibility 
proportional to the susceptibility itself. On this assumption the relation 
between the susceptibility and the stress will be

^ a h  ^ a b i ^ -  “b P a )  ^Dd ^ a b , x  ^<tb ^a> (149)

where x°ab is the volume susceptibility as measured in the unstressed substance, 
and ka is a constant independent of the temperature and the field. From our 
experiments on magnetostriction in graphite we have seen that within the 
limits of experimental error ka is actually a constant, since in this case the 
magnetostriction is proportional to the susceptibility within the range of 
temperatures studied. However, when we consider the magnetostriction along 
the trigonal axis in bismuth, the moduli m33 are not proportional to the 
susceptibility at all temperatures, since the temperature coefficient for these 
moduli is higher than for the corresponding susceptibility y33 seen from com
parison of our present experiments with the experiments on magnetisation 
described in Part I I ; also, within the range of temperature studied, m33 and 
y33 are both linear functions of the temperature. The most natural explanation 
of this difference would be that the diamagnetism in bismuth is produced by
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two factors; the first factor accounts for a susceptibility x33 which is indepen
dent of the temperature and docs not alter with applied stress—for instance, 
we may imagine that this part of the susceptibility is due to the electrons 
moving close to the atom core and not being shared by the other atoms, in 
which case their motion would he unaltered by a deformation of the lattice. 
The second factor accounts for a suceptibility x33 which depends on the stress 
and the temperature. On this assumption we may write the dependence of 
the volume susceptibility on the stress and temperature in the following 
form

*2 3 =  *33 “F ^3 3(1 ~  ^3 ^ )(1  +  3̂ Zb) > (150)

where /$3 =  1-17 x 10"4 as given by the experiments on the change of moduli 
m33 with temperature in expression (140); the other experimental data will 
give the following values: x33 =  —0-475 x 10~5, =  —0-885 x 10~5, and
k3 =  -1-11 x 10“10. We see therefore that, according to this view, about 
one-third of the diamagnetic susceptibility takes no part in the A.M.S. pheno
menon.

In the case of the A.M.S. perpendicular to the trigonal axis for bismuth, we 
may apply the same consideration only in the region of weak magnetic fields 
where the quadratic magnetostriction moduli m11 are independent of the 
magnetic field. In this case, also, the moduli ran  have a larger temperature 
coefficient than the corresponding susceptibility xxl , both being linear. We may 
therefore at first instance divide xxl into two parts according to the expression

*n  = * i i  +  *?i(i  - h T ) {  i +  k  Pi) +  *;;ci +  K p j , ( i5i)

and from the experimental data obtained for magnetostriction and magnetisa
tion we obtain the following values: =  2-4 x 10“3 [expression (141)],
xxl = —1-11 x 10~5, x?lx = —1-11 x 10~5 and kx =  +2-2 x 10~10. In stronger 
fields, however, where we express our experimental results by the general 
moduli nxl x, we see that these moduli alter very considerably with the magnetic 
field as shown on Fig. 19, and according to our general picture we must expect 
a similar change in the susceptibility. But, contrary to our expectation, we 
found from our experiments on the magnetisation of bismuth crystals as 
described in Part II  that xxl , within the limits of experimental error of 2 or 
3 per cent is independent of the magnetic field both at room temperature and 
at the temperature of liquid nitrogen. The only way to bring this experimental 
fact into agreement with the expressed view would be to assume that as the 
temperature decreases a new source of diamagnetic susceptibility comes into 
force which we shall call xxx. This new susceptibility must be very small 
compared with the sum of the susceptibilities x'xl + xxl which are independent 
of the magnetic field. The maximum value that we can assign to xxx in order 
that it may be smaller than the possible error in our experiments on magnetic 
susceptibility and thus escape our observation, cannot be larger than 0-03 of 
the total susceptibility, which will give us the value

I * ; ; I  ^  e x  io - 7.
CPE 15 b
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We shall assume that depends on the magnetic field as the moduli n11 t 
in Fig. 19, and insert it as an extra term in expression (151), assuming that in a 
field of 50 kG at the temperature of liquid nitrogen, the order of x®± is approxi
mately equal to 6 x 10~7 and the value of k[ is then approximately 3 x 10~9.

It is interesting to note that recently a dependence of the magnetic sus
ceptibility on the field for bismuth crystals at very low temperatures has 
actually been discovered by de Haas and Van Alphen.25 In direct measure
ments of magnetisation at a temperature of 14° to 20°K they found that 
perpendicular to the trigonal axis the specific susceptibility in good bismuth 
crystals is not a constant, but in the range of magnetic fields from 5 to 20 kG 
varies between — 2 x 10~6 and — 1-3 x 10“6, and in this region has a number 
of maxima and minima. I t  is conceivable that at these low temperatures the 
hypothetical term x^° introduced in expression (151), which we assumed from 
our experiments to have a value not larger than 3 per cent of the total suscepti
bility at 87°K, would reach such a large value at temperatures of the order 
of 20°K that its variation with the field might account for the phenomenon 
observed.

7. T h e  I n t e r p r e t a t i o n  o f  t h e  A.M.S. C o n s t a n t s  o n  t h e  P r e s e n t
T h e o r y  of D i a m a g n e t i s m

In  this section we shall discuss the difficulty of applying the modern views 
of the origin of diamagnetism to account for the A.M.S., and indicate some 
important changes which arc required in our conception of diamagnetism. 
The present picture for explaining the diamagnetic properties of metals is 
only an elaboration of the old Weber’s hypothesis that diamagnetism is due to 
induced currents in the elementary circuits which possess no resistance. This 
view was successfully applied to the electronic conception of matter by Lange- 
vin26 in 1905, and his theoretical results have now been proved correct by wave 
mechanics. As is well known, the picture adopted by Langevin is that during 
the establishment of the magnetic field the motion of the electrons in their 
orbits alters in such a way as to produce a diamagnetic effect. This theory in 
its original form is only strictly applicable to the hydrogen atom; it has now 
been extended to the helium atom; and eventually, from the experimental 
results on the study of the magnetic properties of inert gases and ions in 
solutions of corresponding structure, it appeared that the Langevin theory can 
also, in general, be extended to these cases also. Ehrenfcst27 has suggested 
that a further extension of the theory can be made embracing solids like bis
muth and antimony and other strongly diamagnetic substances. In this case, 
however, it has to be assumed that the orbits of electronic motion are of 
abnormally large size, and include in their motions a number of atoms in the 
lattice.

From the Langevin theory, the change in the magnetic moment A fi produced 
by the magnetic field in an electron moving in an orbit is

h ~  la h Hb) ■ (152)
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In this formula I is a vector which represents the distance of the moving 
electron from the centre of gravity of the orbit, A is a constant which in the 
case of the hydrogen atom is given by

A =  — e2/4m, (153)

e and m being respectively the charge and mass of an electron. The line at the 
top means that if we consider only one electron, average time values are taken. 
If we consider an aggregate of atoms, instead of taking the average time value 
it is also permissible to take the average of the momentary values for the 
different orbits.

With such a conception of diamagnetic phenomena it seems that the natural 
way to account for magnetostriction in solids is by assuming that I, the distance 
of the electron from the centre of gravity, may change with stress or strain in 
the lattice. The physical picture which can be made, is that the electrons 
move in large orbits round a number of atoms, and a displacement of these 
atoms in the lattice will perturb the motions of the electrons in their orbits, 
which will result in an increase or decrease in the susceptibility. From our 
experimental data for bismuth it is possible to compare numerically the amount 
of perturbation produced in the orbital motion of the electrons with strain in 
the lattice. Taking the distance between two atoms in the lattice when in an 
undisturbed state to be d°, if we apply a stress p  to the crystal this distance 
will change by A d, and wc shall have

Ada
—j o -  = sab.ap«, (154)

where the sab a are the ordinary elastic constants of the crystal. The same 
stress will produce a change in the distance of the electron from its centre of 
motion equal to AI , and if the undisturbed distance is 1°, then

Ala
%

®a b, a Pa (155)

From (154) and (155) we see that for a given strain the ratio of the perturbation 
of the electronic motion to the perturbation of the lattice will be cjs. For a 
bismuth crystal the elastic moduli s have been experimentally obtained by 
Bridgman28, while some of the constants c can be estimated from our present 
experiments on the grounds of the Langevin-Ehrenfcst hypothesis. Let us 
consider a longitudinal magnetisation along the axis a. If we take the number 
of electrons to be N  per unit volume, then from (152) the magnetic suscepti
bility will be

* « « = ^ ( lT + 7 f )  =A tfi?. (156)

The sum of the squares lb and lc can be replaced by I2 where lr represents the 
distance of an electron from the axis parallel to the magnetic field and passing 
through the centre of gravity of its orbit. Wc then get from (156), to a first 
order of approximation

*„„ =  Atfl?»( 1 + 2 - ^ - ) .  (157)

15 b*
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Comparing (157) with (156) and (155) we can write the expression as follows:
X a a  =  +  2Crr,aPJ> (158)

where crr is a kind of average and lies between different values of crr a as 
given by (155). Let us take the case where the magnetic field is along the 
trigonal axis of a bismuth crystal, when a and ot are equal to 3. Comparing 
expressions (158) and (159) we get

Crr,3 = = -0 -55  x 10-10.
Thus when a unit stress is applied along the trigonal axis of a bismuth crystal 
the radii of the orbits lying in the plane perpendicular to the axis will alter 
to —5-5 x 10"11. The same stress in the same plane will produce a strain 
equal to the clastic constant s13, which from Bridgman’s measurements is 
equal to —6-2 x 10“13. We see, therefore, that the perturbation of the radii 
of the electronic orbit in the XT-plane is 90 times larger than that of the centres 
round which they move. The relative displacements of the atoms perpendicu
larly to this plane in the direction of the trigonal axis will be equal to the 
elastic constants s33 =  28-7 x 10~13, or 20 times less than the cr r3 , the 
disturbance of the orbits.

For the change in susceptibility perpendicular to the crystal axis we get 
even more striking numerical results. By taking in (158) a and a = 1, and 
comparing with (151), we get from the two possible values for Zq and k[, 
crr j =  11-1 x KT11 and 300 X 10-11. In the corresponding plane perpendi
cular to the field the displacement of the lattice along the Z-axis will be, 
according to Bridgman, s13 =  —6-2 x 10~13, and along the T-axis, s12 =  
-14-0  X 10"13, that is to say, the perturbation of the orbits will be 80-5000 
times greater than the perturbation of the atoms in the corresponding plane. 
Along the X-axis, 5X1 =  26-9 x 10“13, which gives us a ratio of 40 and 1000. 
We cannot carry out the corresponding calculation for graphite since the 
elastic constants of its crystals are not known.

The numerical value for bismuth demonstrates the difficulties arising in 
explaining the A.M.S. as being merely due to a perturbation of the motion of 
electrons which only alters the size of the orbits slightly without changing the 
general character of the motion. I t  will probably' be very difficult, if not 
impossible, to describe the motion of electrons in the lattice in such a way7 that 
a displacement of the centres round which the electron moves will produce a 
20 to 5000 times greater perturbation in the radii of the orbits. The most natural 
way out of this difficulty will be to make a hypothesis that a strain in the 
lattice produces a more radical change in the motion of the electrons than 
merely perturbing their motion. The following view seems to offer us a useful 
working hypothesis. We assume that the electrons may move round the 
atoms of a bismuth lattice in orbits of varying sizes, small and large. The 
number of small and large orbits is fixed at a given temperature, and each of 
them contributes to the diamagnetic susceptibility a part according to their 
size and orientation, the contribution of the larger orbits being greater than 
that of the smaller orbits. We suggest that the effect of a strain in the lattice 
is to convert some of the larger orbits into smaller ones, or vice versa, according
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to the sign of the strain; and this accounts for the dependence of the sus
ceptibility on the strain, and consequently for the occurrence of the A.M.S.

This working hypothesis seems to help us to form a possible picture of the 
peculiar phenomena observed in bismuth. The lattice of a bismuth crystal 
has a symmetry near to a cubic one, and can be obtained from a cube in which 
one of the long diagonals, which coincides with the trigonal axis, is stretched. 
I t  appears from our experiments that under the influence of a magnetic field 
the magnetostriction produces a further elongation of this diagonal while the 
crystal contracts perpendicular to the axis. Thus, owing to this deformation 
in magnetic fields, the crystal will depart still further from a cubic symmetry 
and, as has been seen before from the general theory, such a deformation must 
be accompanied by a decrease in the diamagnetic susceptibility. According to 
our hypothesis this will lead us to the conclusion that the number of small 
orbits increases with departure from cubic symmetry. Applying this view to 
other cases we can deduce an explanation of the fact that on cooling, the 
diamagnetism of bismuth increases. I t  may be noticed that it is difficult to 
account for this phenomenon by the direct influence of the temperature on 
the motion of the electrons, since their quantum motion is degenerated. On 
the suggested hypothesis, however, it seems possible to regard this change 
of susceptibility as a result of strains in the lattice produced by thermal 
expansion. Experiments show21 that the coefficient of thermal expansion 
along the crystal axis is larger than that perpendicular to the axis, and thus 
on cooling the bismuth approaches more nearly to a cubic symmetry, and, as 
already stated, this will result in an increase of the number of large orbits 
which will increase the diamagnetic susceptibility. The exact calculation of 
this phenomenon is impossible before we have obtained all the seven moduli 
of magnetostriction, but approximate calculation shows that the order of 
magnitude would be about right if we accept this explanation of the pheno
menon.

The electrons which account for the large diamagnetism of bismuth are no 
doubt the outside electrons of the atom, and we should expect the number of 
these electrons to be the same in arsenic and antimony, the two elements 
above bismuth in the same column of the Periodic System. I t  is known that 
they have the same crystallographic structure as bismuth, and most of the 
peculiar phenomena occurring in bismuth are present in these two substances 
only on a considerably reduced scale. On our hypothesis, this reduction in 
scale could be accounted for by the fact that the crystal of antimony departs 
much more from a cubic symmetry than the crystal of bismuth, while the 
symmetry of arsenic crystals is still further removed from the cubic system. 
This will mean that the number of large orbits is less in antimony than in 
bismuth, and still less in arsenic, which will explain the fact that antimony 
and arsenic have smaller diamagnetic properties than bismuth. Again, from 
an approximate calculation, the magnitude of the effect seems to be in agree
ment with the experimental data.

A more detailed elaboration of this hypothesis seems to us premature before 
a theoretical justification of the dependence of the size of the orbits on strains



44S Collected Papers of P. L. Ivapitza

in the lattice can be given. The general treatment of the case will probably 
be the same as in one of the previous paragraphs: the diamagnetic suscepti
bility will be divided into several parts as was proposed in (158) and (151). 
In these formulae each individual susceptibility will correspond to the con
tribution of orbits of definite sizes. The number of such sizes may be large 
and must be found theoretically. The dependence of the magnetic suscepti
bility and the moduli of magnetostriction on the magnetic field could be 
accounted for by assuming that at very low temperatures exceptionally large 
orbits are possible which contribute to the susceptibility denoted in (151) by 

. I t  is conceivable that in the presence of magnetic fields these orbits are 
more easily destroyed by strains, especially when this magnetic field is applied 
asymmetrically to the orbit, as will be the case when the field is perpendi
cular to the trigonal axis. Since the electrons in the orbits move in different 
directions round the direction of the applied field we might expect that the 
orbits of those moving in one direction are destroyed more readily than those 
moving in the opposite direction, which might account for the appearance 
of a spurious paramagnetic effect, the existence of which was suggested by 
de Haas26 in bismuth crystals a t low temperatures.

The close relation between the diamagnetic phenomena and the galvano- 
magnetic phenomena in bismuth was pointed out by de Haas, and is strongly 
supported by the experimental results of Schubnikow and de Haas.29 In 
these experiments, at low temperatures, periodic changes of resistance with the 
field were observed which were similar to those observed by de Haas and Van 
Alphen.

The establishment of a relation between the change in resistance and 
magnetostriction is more difficult on the data obtained from our present 
experiments, but the experiments on the influence of impurities on both 
phenomena seem to indicate a close relationship. We have seen from the 
curve in Fig. 17 that the influence of impurities on magnetostriction in bismuth 
is greatest in strong fields and at low temperatures; aud in the previous 
experiments on the change of resistance of bismuth crystals, as described

D escription of Plates

T he tim e sca le on  all the oscillogram s runs from  righ t to  le ft. Curve I  is th e  current 
through th e  coil w hich produces th e m agnetic  f ie ld ; curve M is traced by th e ex ten som eter  
and represents th e  change of len gth  of th e  exam ined  rod m agnified  80 ,000  tim es. A  d o w n 
ward deflection  represents an expansion  of th e rod, an upw ard deflection  a contraction .

Plate 27

Oscillogram 1. B ism u th  crysta l h av in g  its ax is parallel to  the field. R oom  tem perature,
m axim um  m agnetic  field  250 kG.

Oscillogram 2. B ism u th  crystal h av in g  its  ax is  perpendicular to  th e  field. R oom  te m p e 
rature, m axim um  field 256 kG.

Oscillogram 3. T he sam e crysta l as for oscillogram  2. T em perature 128°K , m axim um
field 257 kG.

Oscillogram 4. T he sam e crystal as for oscillogram  2. T em perature 87°K , m axim um
field 277 kG.
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previously12, the presence of impurities had a similar character. Further, it 
seems most significant, that the elements which show abnormally large increase 
of resistance also show the most marked magnetostriction. This suggests that 
all the magnetic anomalies in bismuth have a common source which is probably 
the peculiar crystal structure. We hope that further investigations carried out 
at lower temperatures will give us still wider and more complete information 
which will enable us to proceed further with the elucidation of the magnetic 
properties of diamagnetic substances.
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P l a t e  28

O sc illo g r a m s  5, 6, 7, 8, 9. The same crystal as for oscillogram 2. Temperatures 288°K, 
214°K, 160°K, 128°K, and 87°K, respectively. Maximum field 70 lcG. 

O sc illo g r a m  10. Crystal with axis making an angle of 58° with the magnetic field.
Temperature of liquid nitrogen, maximum fileld 141 kG.

Oscillogram 11. Multicrystalline rod. Room temperature, maximum field 256 kG. 
Oscillogram 12. The same. Temperature of liquid nitrogen, maximum field 248 kG. 
Oscillogram 13. Ceylon graphite perpendicular to the hexagonal axis. Room temperature,

maximum field 250 kG.



27. A METHOD OF MEASURING MAGNETIC 
SUSCEPTIBILITIES*

Abstract. A method of measuring magnetic susceptibilities is described, 
which has the advantage that the body examined can be fixed in a definite 
position. The balance system used to measure the magnetisation is entirely 
separate from the body, and the latter can, therefore, be subjected to any 
change of physical conditions without interference with the measurements.

The theory and construction of the balance is described in detail. The 
difficulties encountered in its use are dealt with and the means of circum
venting them are indicated.

It is shown that this method of measurement of magnetic susceptibilities 
can be employed for most experiments carried out by other methods, and 
that for many of these it has decided advantages.

1. I n t r o d u c t i o n

Among the different methods which can be used to measure the magnetic 
susceptibility of feebly magnetic substances, the most practical, and those most 
frequently employed at the present time, depend essentially on the measure
ment of the force acting on the substance when placed in a non-uniform field. 
This force is given by the well-known formula

v

' • - * / f l TGTd v - (1)
0

where % is the volume susceptibility, H  is the magnetic field, dH/dx  is the 
gradient of the magnetic field in the direction x in which the force is measured 
at the site of a small element of volume d V.

Corresponding to the wide range of susceptibility, and to the different 
physical states and conditions which occur, a number of methods of measuring 
this force have been developed. In all these methods, since they are based 
on the measurement of the force on the substance, and since it is by the dis
placement of the body that the force is measured, it is essential that the body 
should be movable. The force acting on the body is small, usually only a 
few dynes, and delicate methods have to be used for making the measurements, 
as, for instance, in the Curie-Faraday method where the substance is carried 
on a sensitive torsion balance.

This makes the study of magnetisation in many physical conditions a matter 
of great technical difficulty, and in certain cases virtually impossible. For

* P. L. K a p it z a  and W.L. W e b s t e r , A method for measuring magnetic susceptibilities, 
Proc. Hoy. Soc., A132, 442 (1931).
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example, in an attempt to study the magnetisation of a body during deforma
tion by pressure or strain, the difficulty would be encountered that the appara
tus necessary to produce the deformation must also be carried on the balance. 
To the best of our knowledge no such experiments have been carried out up 
to the present time, probably on account of the excessive complications 
introduced by this difficulty.

In  order to overcome this drawback we have devised a method of measuring 
magnetic susceptibilities which does not involve the measurement of the force 
exerted on the body investigated. The body may, therefore, be made subject 
to almost any physical force without interfering with the measurement of its 
susceptibility. As will be seen from the description, this method offers great 
possibilities for enlarging the scope of our investigations and makes it possible 
to study the influence on the magnetisation of feebly magnetic substances of 
such factors as pressure, elastic strain and temperature. In view of this advan
tage we propose to discuss the method in detail in this paper.

2. Ou t l i n e  of  t h e  M e t h o d

The fundamental principle of our method is to measure the magnetisation 
of the body by means of the force of reaction on the magnet, instead of by the 
force exerted on the substance under examination. I t  is evident that if the 
inhomogeneous field of the magnet produces a force on the body given by 
formula (1), then an equal and opposite force must also act on the magnet 
itself. Wore the body fixed and the magnet movable it would, theoretically, 
be possible to measure the magnetisation of the body by the motion of the 
magnet. However, it is obvious that the construction of a balance to carry 
a magnet weighing anything up to a ton, and at the same time capable of 
measuring a force of a few dynes, would be quite impracticable.

This difficulty may be avoided in a way which, roughly speaking, amounts 
to creating a gradient in a uniform magnetic field, produced by a large magnet, 
by the introduction of a small iron rod. The force on a body placed in this 
gradient is then due to the presence of the small iron rod, and the force of 
reaction of the body on the field-producing system will act only on the iron 
rod. I t  is possible to use for this purpose an iron rod sufficiently small that 
it may be mounted on a balance easily capable of measuring a force of a few 
dynes.

Referring to Fig. 1, P  represents the small iron rod and A the body whose 
magnetisation is to be determined. If now, in the absence of an external field, 
the iron rod, due to its permanent magnetisation produces a magnetic field 
H1 with a gradient d/Zj/drc at the position of the body A, then the force 
between the iron rod and the body will be proportional to

F ' x n l X  M l .  <2,

As the iron rod is small, and though it may be made of the best permanent 
magnet steel, the field H1 will be weak and the magnetisation of the body 
will be weak; the force F' will therefore be so small that it will be practically
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impossible to measure. In order to increase the force between the body and 
the iron rod, we may superimpose a strong uniform magnetic field, which may 
be produced, as shown in Fig. 1, by placing the magnetised body and the iron 
rod in the narrow gap between the two plane parallel pole pieces of a large 
magnet. Assuming that the field ZZ2 between the pole pieces is uniform

8ZZ2
8 x =  0, (3)

and it is evident that there will be no force between the large magnet and either 
the magnetised body or the iron rod, but the force between the latter will now 
be proportional to

F x i n .  + H , ) ^ - .  (4)

As ZZ2 will be much greater than Hx the force F  will be increased very consider
ably, and in practice becomes sufficiently large to be measured with ease. 
Further, it is obvious that the iron rod need not now be of permanent magnet 
steel, as it will be kept magnetised by the field of the large magnet.

To realise this method we must first investigate the general requirements 
for the experimental arrangements. Let us first estimate the force between 
the iron rod P  and the body A  placed a distance I cm apart. If the magnetic 
moment of the iron rod is M, and that of the magnetised body % H v, where 
H  is the magnetic field and v the volume of the body of susceptibility then 
the order of magnitude of the force may be obtained by assuming the iron 
rod and the magnetised body to attract or repel each other as if they were 
two parallel magnetic dipoles placed a distance I cm apart. The force is then 
given by

F  =  vjl4 dynes. (5)

From this formula it is evident that if the body is paramagnetic the force 
will be a repulsion, and if diamagnetic an attraction. Taking the iron rod to 
be 1-6 cm long and 0-2 cm in diameter, as is actually the case in our experi
ments, a t saturation M  will be about 80 e.m.u. With 11 cm and H  12,000 gauss, 
the force for 1 cm3 of a substance having a susceptibility of 10~7 e.m.u. (approxi-
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mately that of oxygen at atmospheric pressure) the force F  will be about 
0-1 dyne. A force of this magnitude can easily be measured by a torsion balance, 
and this was the method adopted in our experiments.

The second factor which it is necessary to consider is the magnetic field 
produced by the large magnet. If this field is not absolutely uniform as assumed 
above there will be a force acting on the iron rod P  due to the large magnet, 
in addition to the force due to the magnetised body. This added force will be

( 6 )

Substituting the value M  =  80 e.m.u. in this equation, it is evident that the 
gradient dH2(dx required to produce a force equal to that of a magnetised 
body of susceptibility 10~7 e.m.u. will be of the order of 10~3 gauss/cm. I t  is 
obvious that in practice it would be unreasonable to expect to attain a magnetic 
field of such a high degree of uniformity, since, for instance, the pole pieces 
being not accurately parallel to each other by an angle of 0-02 sec will be 
sufficient to produce a gradient of this order of magnitude. I t  would, therefore, 
be useless to attempt to produce a field of such uniformity, but it will be 
shown later that the controlling force of the large magnet on the iron rod can 
be left relatively large, as by comparison with gravitational and other controls, 
its effects on the sensitivity of the balance may be reduced to any extent.

The most vital influence of the force between the large magnet and the 
iron rod is its variation with time. In order to measure the magnetisation of 
a body of susceptibility 10-7 e.m.u. with an accurcy of 1 per cent, the force 
on the iron rod due to the large magnet must not vary during the course of 
the measurements by more than 1 per cent of the force due to the magnetised 
body. That is, using the figures above, the gradient dH2jdx must not vary 
during reasonable periods of time by more than 10"B gauss/cm. This was the 
main difficulty encountered in the development of this method of measuring 
susceptibilities.

3. T he  B a l a n c e  w i t h o u t  Co m p e n s a t o r

A sketch of the balance with the small iron rod attached as used in the 
preliminary experiments is given in Fig. 2. A copper balance arm a in the 
form of a cross was suspended by a phosphor bronze torsion fibre between two 
copper pillars b screwed into a heavy copper plate. The balance arm carried 
on its shorter end an iron rod P  parallel to the torsion fibre, the other end was 
threaded and carried a counterweight c. A mirror m was mounted near the 
centre of the balance arm. The balance was fixed to one pole of the magnet in 
such a way that the balance arm was vertical, and the iron rod and torsion 
fibre parallel to the field. The motion of the iron rod was then in the horizontal 
plane and at right angles to the field, and, if a magnetic body A were placed 
beside the iron rod on the line x, the rod would move causing a rotation of 
the balance which could be measured by means of an optical lever.

Two small coils e and / were mounted near the iron rod. These provided an 
easily adjusted final compensation for the force on the balance due to the
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gradient by the non-uniformity of the field of the large magnet. A current 
through coil e produced a horizontal force on the iron rod which could there
fore be used to control the zero position of the balance, and a current through 
coil / a vertical force on the iron rod which provided a means of controlling 
the sensitivity. The counterweight was used to compensate the torsional control 
of the torsion fibre before the balance was placed in position in the gap of the 
large magnet.

In order to produce a damping of the natural motion of the balance the 
following device was used. An extra copper pillar d was mounted on, but

insulated from, the copper base-plate of the balance, and was connected 
electrically to the top balance arm by a loosely strung fine wire k. The pillar 
was also connected through an adjustable resistance and the torsion fibre, to 
the body of the balance. The top balance arm in moving cut the lines of force, 
producing an induced current in this circuit; the energy so dissipated was at 
the expense of the motion of the balance, and by adjusting the external 
resistance it was possible to make the motion of the balance critically damped.

The magnet used to produce the field was a large Weiss electromagnet made 
by Oerlikon. This magnet was fed by a current of GO amperes at 100 volts 
obtained from an independent motor generator consisting of a d.c. generator 
driven by an asynchronous motor from the town a.c. supply. The current in 
the magnet was regulated by controlling the excitation current of the generator; 
in this way an easy control of the heavy current in the magnet was obtained. 
The excitation current of the generator was supplied by an independent 
accumulator battery and was thus kept constant. The voltage supplied by 
the generator to the magnet could, therefore, only be affected by the number 
of revolutions made by the a.c. generator. As the town supply was much
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more eonstant with rcspeet to its frequency than with respeet to voltage, an 
asynchronous motor working with a small slip kept the voltage eonstant 
within limits of 0-2 per eent over long periods of time without special 
regulators.

As in all Weiss magnets, the windings were of copper tubing, and water 
at the full pressure of the town supply was forced through them ; the resultant 
circulation was about 3 litres a minute so that the temperature rise in the 
steady state, which was only reached after several hours’ running, was 25°C. 
Plane parallel pole faces were used. They were circular and had a diameter 
of 18 era, which was the full diameter of the poles; the gap was 3-5 em wide, 
and was defined by three copper distanee pieces. With this geometry a field 
of 12,000 gauss was obtained whieh, over a radius of 1 cm from the axis of 
the magnet, was probably eonstant to 0-05 per cent. To increase the uniformity 
over the small volume oeeupied by the iron rod, an iron wedge of suitable 
taper was attached to one of the pole faces. By rotating this wedge it was 
possible to effect an approximate elimination of the magnetic control on 
the balance. Final eompensation was then carried out by means of coils 
e and /.

An exam ination  of the behaviour of th is prelim inary balance indieated the  
general line of developm ent necessary for the satisfactory  working of the  
m ethod. The principal d ifficu lty which w as encountered was the great u n 
steadiness of the zero position. B y  system atic  investigation  of the origin of 
th is unsteadiness, three types of disturbance could be disentangled. F irst, 
there Avas a rapid and irregular oseillation about a m ean position; secondly, 
the m ean position of th is rapid oscillation altered from  tim e to  tim e in a d is
continuous fashion; and finally there Avas a very sIoav drift. I t  was found  
possible to traee the general eauses of these three typ es of disturbance, and th is  
led to  considerable im provem ent in  the stab ility  of the balance.

In the first case, the rapid oscillations of the zero were produced by sudden 
changes in the magnetising current due probably to unc\rcn commutation in 
the generator. Chving to the high frequency of these variations of the magnetis
ing eurrent, eddy currents were produced in the surfaec of the iron and in 
other metal parts near the balance Avhich caused disturbances of the magnetic 
field sufficient to affect the magnetie controlling forces of the balanec, thus 
producing oscillations of the zero position. I t  was evident that these disturb
ances were in phase Avith the induced currents, and it Avas found possible to 
compensate them by applying to the balance equal and opposite forces also 
in phase Avith the eddy eurrents. To do this a number of turns of wire Avere 
Avound about one of the pole pieces and the coil conneeted in scries Avith the 
variable resistance in the damping eireuit described above. The current 
induced in this coil by the sudden changes of the magnetising current had then 
to pass through the upper arm of the balance and therefore produced a torque 
on the balanee about its fixed axis. As the induced current must be in phase 
with the eddy eurrents, it Avas possible by adjusting the direction of the induecd 
current through the balanee arm, and the number of turns in the eoil, to obtain 
a very exact eompensation of the disturbances produced by the eddy currents.
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I t was necessary to adjust the number of turns in the coil as the resistance of 
the circuit was fixed by the damping requirements.

The two remaining disturbances were much more difficult to eliminate, and, 
in practice, it was not possible to cure them completely. The occasional altera
tion of the zero was caused by uncontrollable changes in the magnetising 
current from the generator, the voltage of which was only constant to 0-2 per 
cent. A considerable improvement in the stability of the zero was obtained 
by introducing an automatic current regulator into the generator circuit. This 
regulator was designed and constructed in the laboratory on the principle 
of that of Isenthal and a detailed description will be given elsewhere. I t  in
creased the constancy of the magnetising current materially; when examined 
with a galvanometer with a period of several seconds almost no current fluctua
tions of more than 0-01 per cent were observed. This, however, represents only 
the mean value of the current, and with a Moll galvanometer with a period 
of about 0-02 sec, momentary deviations of as much as 0-04 per cent were 
observed. These will not affect the balance appreciably on account of its own 
long period, Avhich is at least 10 sec.

Finally, it was found that the slow drift was associated mainly with the 
warming of the magnet due to the transference of the heat from the coil to 
the yoke and the poles. With the type of magnet used the coils fit closely 
to the poles and it was impossible to prevent this heat transfer, which, in the 
course of an 8-hour run, produced a rise of temperature of 5°C in the yoke. 
This temperature rise could affect the field by producing mechanical distortion 
of the magnet or by altering the permeability of the iron. The sensitivity of 
the balance to mechanical distortion or temperature changes in the magnet 
can easily be demonstrated by slight pressure of the hand on one of the poles, 
or by warming a distant corner of the magnet with a bunsen burner for only 
a few seconds; either of these disturbances will cause a very serious zero shift. 
A considerable improvement was made by additional bracing of the pole 
pieces in proper points, but complete elimination of the effect of such defects 
was not possible.

All these refinements considerably increased the stability of the zero of the 
balance, a point which obviously is of first importance to the success of our 
method. A much more complete elimination of the zero shift could probably 
be obtained if the magnetisation current were supplied from a special high 
capacity battery of accumulators. This would, however, not eliminate the 
effect of distortion due to the rise in temperature of the magnet, and no doubt 
the best solution Avon Id be to employ a permanent magnet. This is now possible 
by making use of the tungstcn-ferro-cobalt steel recently invented by Honda. 
Using this steel it would be possible to make a permanent magnet as powerful 
as an electromagnet without unduly increasing the weight of iron. Both these 
possibilities have been carefully considered, but as they would involve consi
derable expenditure they were not employed. In the further development 
of the method the electromagnet was used, and it was found possible to devise 
a balance of a compensated type which was sufficiently steady to allow mea
surements on liquids and solids to be made with comparative ease and accuracy.
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4. T h e  P r in c ip l e  of Co m p e n s a t io n

The aim of the further alterations to the balance was the reduction to a 
minimum of the controlling forces due to the non-uniformity of the magnetic 
field produced by the large electromagnet. This must result in an increase 
in the steadiness of the zero of the balance, and has the further advantage of 
reducing the possibility of the balance having a non-uniform scale, due to the 
approximate equalisation of large forces which may not be strictly proportional 
to the deflections of the balance.

In order to discuss the proposed method of eliminating the magnetic control 
of the balance we must first consider in detail the nature of the controlling 
forces on the simple balance already described. Taking rectangular coordinates, 
with origin in the middle of the gap between the pole faces of the large magnet, 
with the Z -axis perpendicular to the pole faces, and with the F-axis parallel 
to the arm of the balance, the motion of the iron rod will be, initially, in the 
direction of the X-axis. If the magnetic moment of the iron rod be M  and 
its distance from the torsion axis I, then for a deflection a, from its equilibrium 
position in the absence of the controlling field, the magnetic control couple 
can be shown to be

f = M l 8 II / 8*11
_ 8 x  \ 0 a:2

8 11 \
"a— )ady i

( 7 )

This expression is developed in powers of oc, and the smaller terms containing 
a to a higher order than one are omitted. From this expression it can be 
seen that the balance will have the same equilibrium position without and with 
the controlling field only when the couple / vanishes for a =  0. This is only 
possible when dH/dx =  0. This condition was obtained experimentally in the 
original balance by moving the iron wedge. By this operation we do not in 
general reduce to zero the terms containing <x, which account for the influence 
of the magnetic control on the sensitivity of the balance.

To estimate the conditions for the elimination of the magnetic field control 
more precisely it is necessary to consider the principal factors producing 
inhomogeneity of the field. There are two important ones. The first is the 
inhomogeneity produced by the shape of the pole pieces of the large magnet. 
These are two coaxial cylinders of radius 11 with their plane ends parallel and 
separated by an air gap 2 h. For such a geometry the field in the median plane 
of the gap can be expressed in a series

11 =  770[1 +  (px{h, I l ) ( x 2 +  if) +  9?2(7i, R) (x* +  i f f  +  •••]. (8)
The second factor is due to the lack of complete parallelism between the pole 
faces which, as has been pointed out above, is inevitable, an angle of only 
0-02" being sufficient to produce a force equal to that of the magnetised 
body. If the angle between the pole faces in the direction X  is yx and in the 
direction Y  is yy, the main terms of this disturbance of the field may be ex
pressed as follows

II =  770(1 +  f(yx, h, R) x + f{yv, h ,R ) y  -\-----) (9)
where it is assumed that these two disturbances of the homogeneity of the field 
are each small enough to be regarded as independent perturbations. The
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condition for the elimination of the magnetic couple for <x =  0 can be obtained 
from (7), (8) and (9), and is

f = M l . —  = M l I I 0[f(yXIh , l l ) - < p 1( l i , l l ) -2 x ] = 0 .  ' (10)0 oc

From this expression we can see that in our experiments we may adjust the 
value of yx by moving the wedge, in such a way that the condition of / =  0 
is fulfilled. Theoretically, by moving the balance and varying the value of x 
and independently adjusting yx to the condition fulfilling equation (10), it 
should be possible to find such a position of the balance that in expression (7) 
the terms containing cc, which are responsible for the magnetic control of the 
sensitivity of the balance, would also vanish. In practice it was not possible 
to do this, as there were no means of telling when the sensitivity of the balance 
was the same with and without the controlling field. One may, however, use 
the adjustment of x  to make the couple / approximately independent of small 
changes of the magnetising current, but then / will not be zero. The disadvantage 
of such a method of eliminating the magnetic control is the extreme delicacy 
of the necessary adjustments, and in any case terms of higher powers of <x 
would not vanish.

In expression (10) we have a difference of two terms, each of which may 
represent a force a hundred times larger than that to be measured. A very 
small change in either will produce a considerable shift of zero. If the distance 
2 h between the poles of the magnet be slightly altered due to the heating of 
the copper distance pieces, the second term in the equation will vary in a 
different manner from the first. On the other hand, the heating may result 
in a change of the angle yx between the pole faces; the first term in (10) null 
vary but not the second. In  either case the equilibrium Avill be destroyed and 
there will be a zero shift. The magnitude of these effects may be judged from 
the evidence given in the previous section when the slow drift was described.

At first glance it seems that the zero position should not be affected by the 
current strength, as in the first instance the current will only alter the magnetic 
field //„ in expression (10), which obviously will not disturb the equilibrium 
conditions. A closer examination shows, however, that the current may 
effect the equilibrium in kwo ways. In  the first place the constants 9>1 and <p2 
in expression (8) will depend on the distribution of polarity on the pole surfaces 
and must also take into account the contribution to the magnetic field of the 
exciting coils. Both these factors will vary with the magnetising current, and 
a complete analysis of these constants would lead to a very complicated 
expression. For the present purposes, as it is obvious that the resultant change 
in the magnetic field will be one of scale rather than of form, it is sufficient to 
consider R  to be an effective radius depending slightly on the magnetising 
current. Since R  enters into the two terms of (10) in different ways, it is clear 
that this variation of R  is sufficient to account for the observed changes of 
zero position with current variations.

A second possible effect of changes in the magnetising current is probably 
much smaller and is due to the change in the force of attraction between the
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poles. This force is proportional to II0, and in our magnet attains a value 
of 1 ton. I t  will depend on the current strength and by deforming the magnet 
may cause sufficient change in the value of cither h or yx to disturb the equili
brium of expression (10), resulting therefore in an appreciable zero shift.

This analysis explains the disturbing effects which we observed with our 
preliminary balance and also indicates the possible method of elimination. 
Consideration of these effects led us to construct a compensated balance 
characterised by the introduction of a second iron rod which we may call the 
compensation rod, and which was fixed to the arm of the balance on the 
opposite side to the original rod. All possible care was taken in the construction 
of the balance to ensure that the compensating rod should have exactly the 
same magnetic moment as the other rod and that they should both be fixed 
exactly symmetrically in the plane passing through the pivoting axis. I t  will 
be seen in this case that the two couples produced on the balance by the 
non-uniformity of the field due to any inaccuracy in the parallelism of the 
pole pieces, as given by (9), will be equal and opposite; thus complete com
pensation is attained. Further, if such an ideal balance is placed between the 
pole pieces in such a way that the pivoting axis exactly coincides with the 
Z-axis at its origin, it can be shown from (8) and (7) that the couples acting 
on the two rods of the balance will be exactly equal and opposite for any angle 
oc, even when we consider higher terms.

This would give us, theoretically, a method of complete elimination of the 
magnetic control, but in practice it is technically impossible to fulfil the 
conditions completely. In the first place it is impossible to make a completely 
symmetrical system for the balance, the value M  I for the two magnets is 
bound to differ, let us say by A M  I, and it is then necessary to eliminate the 
effect of this inaccuracy in the same way as used for the M  I of a single rod 
balance. Replacing in (10) M  I by A M I  it is obvious that for the same field 
distribution the magnetic control will be reduced in the ratio A M  l/M I. 
This factor, which will have a value of the order of 1/100, makes the apparatus 
of practical use.

Besides the non-uniformity of the field due to the particular geometrical 
shape of our air gap as given by (8) and (9), there must also be an irregular 
non-uniformity due to the surfaces of the pole pieces not being absolutely plane 
and to inhomogeneity in the magnetic properties of the iron. This non-uni
formity is superimposed on that given by (8) and (9), and owing to its accidental 
character its influence on the stability of the balance cannot be estimated. 
The very considerable improvement achieved by introducing the compensating 
rod shows that the effect of these accidental disturbances on the field cannot 
be very great, and that they are certainly not of such an order as to interfere 
materially with the principles used in the elimination of the magnetic control 
of the compensated balance.

5. T he  Co m p e n s a t e d  B a l a n c e

The balance in its final form is shown in Fig. 3. All the metal parts were 
made of cadmium copper, which was found to be the only metal available
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sufficiently non-magnctic for use in constructing the balance. In general con
struction the balance is similar to that already described. I t  has a central cross 
piece a in which a phosphor-bronze torsion fibre i may be clamped in a well- 
defined position. The two iron rods P1 and P 2 are 1-6 cm long and 0-2 cm 
in diameter. They are soldered to the balance arm at a distance of 1-5 cm 
from the position of the torsion fibre, the assembly being done with the aid 
of a special jig so that the rods are as nearly as possible symmetrical about 
the position of the torsion fibre. The balance arm is provided with two adjust
able counterweights c and h, one on a threaded rod forming a prolongation 
of the upper end of the balance arm, the other on a short rod projecting at 
right angles to the balance arm from a point on the torsion axis. A small 
mirror m is also carried and is mounted as near the torsion axis as is convenient. 
This assembly is supported by a phosphor-bronze strip i stretched between 
two copper pillars b screwed into the copper baseplate. The torsion strip has 
2 mm free length on each side of the balance arm, and is kept permanently in 
a state of tension by a small spring of hard-drawn copper wire. A stop j, which 
restricts the rotation of the balance arm to about 2°, protects the torsion 
strip from too violent strains. A fine wire k is strung loosely between the upper 
end of the balance arm and a movable copper pillar d insulated from the 
baseplate. As in the preliminary balance, this arrangement was used for damp
ing and eliminating the effects of high frequency disturbances as has been 
described above. Three coils are supported from the balance baseplate, e and

Scale
Fig. 3
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g beside the two iron rods and / below the lower rod. The last is used, as before, 
to effect a final control on the sensitivity of the balance. The others primarily 
control the zero position, but, by a suitable arrangement to be described below, 
may also control the sensitivity.

The balance as a whole is assembled in the following way. The arm is mounted 
on the torsion fibre, and the thin lead at the top is soldered to the arm but 
not to the fixed support. The counterweights are adjusted till the balance 
arm has a period of 3 or 4 sec and is free of the stops. The top lead is then 
soldered to the fixed support, which is adjusted till the arm is again free of 
the stops, and in such a manner that this top wire is slightly stretched. The 
counterweights are again moved till the period of the balance is 5 or 6 see. The 
balance is then placed in the gap of the magnet where it is mounted on a 
copper plate which can be moved in either a vertical or horizontal direction. 
The balance is adjusted relative to this plate till the arm swings clear of the 
stops. The magnet is excited and the plate moved vertically in the field till 
the arm again swings clear of the stops. This represents the condition /  =  0 
of expression (10). The balance may now have such a sensitivity that the 
finally required sensitivity is within the reach of the coil controls; if not, the 
plate may be moved in a horizontal direction till such a sensitivity is attained. 
I t  does not seem possible with the compensated balance to eliminate completely 
the effect on the torque / of small variations of the magnetising current by 
sacrificing the condition / =  0. But the compensated balance has proved to 
be very little affected by such changes in magnetising current and the adjust
ment of dfjdi  =  0 is not so important. The wedge used to adjust the simple 
balance is not only unnecessary but comparatively ineffective. Further final 
adjustment of the sensitivity can be done using the coils. The coil /  is used 
first up to the limit of its current capacity. If the sensitivity is not quite 
sufficient, a further increase may be obtained by using the two coils e and g. 
These are connected in series in such a way that a current passed through 
them attracts the iron rods to which they are near. As the coils are made 
symmetrical, and are placed in similar positions relative to their respective 
iron rods, the resultant torque on the balance will be zero for oc = 0. But 
since the force between either coil and its iron rod vail vary rapidly with the 
distance r separating them (this force oc r~n where n lies between 2 and 3), 
it will also vary with angular deflection of the balance. For a given deflection 
c% the force on the iron which has approached its coil will be increased and 
that on the other iron rod decreased; there will therefore be a tendency for oc 
to increase further, which amounts to an increased sensitivity. This control 
is conveniently used to counteract the stabilising effect of .any large piece of 
apparatus, say, a furnace, placed beside the balance, which, if appreciably 
magnetic, will affect the sensitivity of the balance in an exactly similar way. 
As the current required is small, one can place between the two coils a com
paratively large resistance, so that there will be no interference with the 
separate functions of the coils.

This last control must be used with some discretion, as the force involved 
varies as a high power of oc and may therefore lead to dynamical instability
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of the balance. The same remark applies to a lesser extent to all the other 
methods of control. There is only one, the torsion fibre control, which is 
simply proportional to a ; all the others have terms containing higher powers 
of a which have been neglected above. As the process of adjustment of the 
balance consists of balancing the terms in oc one against another for forces 
which may be large compared to the residual control, there is considerable 
danger that higher power terms, by not cancelling simultaneously, may become 
important. These would produce dynamical instability of the zero or non- 
linearity and asymmetry of the scale. With a little experience it has always 
been possible so to weigh the various controls as to produce a dynamically 
stable zero and a reasonably linear scale. With these jJrecautions it has been 
possible to produce a sensitivity corresponding to a deflection of 50 cm at 
3 m for oxygen at atmospheric pressure. The scale was reasonably uniform 
and the balance dynamically stable over the full working range of the balance, 
that is about 15 cm. The zero position of the balance was not, however, very 
steady, as it wandered about slowly and erratically over a range of 3 mm 
on each side of a mean position which remained constant to 1 mm. This 
illustrates the degree of sensitivity which may be obtained and also the handi
cap of zero fluctuations. I t  is more convenient and just as accurate to work 
with a sensitivity of 10 cm for oxygen with a zero which will then be constant 
to 1 mm or less. Such a sensitivity is sufficient for most measurements on 
liquids and solids, but for the adequate examination of gases and vapours 
the zero constancy must still be improved by a factor of 10.

The measurements with the balance are always done by a zero method. The 
force on the magnetised rod produced by introducing a magnetised body, or 
by change of the magnetisation of the body when the physical conditions are 
altered, will produce a deflection of the balance. This deflection will depend 
on the sensitivity and scale characteristics of the balance, quantities which 
are very sensitive to the magnetic and other controls, and which may vary 
from time to time. Repeated and elaborated calibration would, therefore, be 
necessary to use the deflection as an indication of magnetisation. But by 
passing a current through the coil e it is possible to bring the balance back to 
its original zero. I t  is evident that the current required to compensate the 
deflection of the balance will be proportional to the force produced by the 
magnetised body, and will be independent of the sensitivity of the balance. 
The magnetisation of the substance can therefore be measured by the com
pensating current in coil e. This null method has the further advantage that 
high accuracy may be attained without provision for large deflections.

6. The U se of the B alance

The balance may be used to perform, with few exceptions, the same measure
ments as carried out by other methods, and for some it has been found excep
tionally suitable. But there are always some precautions which are particularly 
important in this method.

In the simple case of measurement of relative magnetic susceptibilities, the 
distance between the body and the gradient-producing iron rod is usually of
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the same order as their linear dimensions. The force between them will con
sequently be quite sensitive to changes in their relative positions and also 
to the shape of the body under investigation. I t  is therefore essential in all 
measurements of the relative susceptibilities of different bodies, that they 
should always occupy the same position when acting on the balance, and should 
also have similar shapes.

For liquids and gases, accurate measurements can be made by clamping a 
glass vessel in a definite position beside the balance. This can be filled with 
liquids or gases without being moved, and the difference in the balance readings, 
with the vessel empty and full, will be strictly proportional to the susceptibility 
of the particular substance with which the vessel is filled. If the absolute 
value of the susceptibility is assumed for one substance, say water, then the 
absolute values of the others may be deduced. This process may also be 
applied to powders, in which case it is only necessary to know the space
filling factor which may be determined from the volume of the vessel and the 
weight of the powder necessary to fill it. More rapid but less accurate relative 
measurements may be made for liquids and powders by filling similar glass 
test tubes with the various substances. If now a close-fitting holder is placed 
beside the balance, the test tubes can be inserted into the holder one after 
another and the resulting readings, corrected for the effect on the balance of 
the glass and of the air displacement, will again give the relative susceptibilities 
of the substances. As an illustration of the rapidity of this method, on one 
occasion some 60 substances were measured with an average accuracy of 3 to 
5 per cent in the course of one morning.

In the case of solids, the same method of replacement can be used for relative 
measurements. Where the bodies can be cut to the same shape and size it is 
only necessary to construct a geometrical slide to effect the replacement of 
the different substances in an identical position. No difficulty has been experi
enced in constructing a slide to suit any particular set of conditions. With 
solid bodies which cannot be reduced to the same shape and size, the effect of 
these factors may be eliminated by an application of Archimedes’ principle. 
The effect on the balance of the magnetised body is measured first with the 
body surrounded by air, and second with the body immersed in a suitable 
liquid of known susceptibility. The difference in the two balance readings 
must be due to the effect on the balance of the liquid displaced, which must 
correspond in shape exactly to that of the solid body. The susceptibility of 
the solid relative to that of the liquid (neglecting that of air) will be given 
then by the ratio of the first to the difference of the two readings.

This sensitivity of the balance reading to the exact position and shape of the 
test body renders the method unsuitable for absolute determinations, although 
with carefully chosen conditions it should still be possible.

For measurements of magnetisation under varying physical conditions our 
method opens up a great range of possibilities; it is most advantageous for 
this type of experiment, and can be used, with special modifications, for a 
number of researches. I t  is evident that there are complications which arc 
peculiar to this method, but these require only a different technique and a few
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precautions, and have led to no fundamental difficulties. The chief of these 
complications is that with change of physical conditions the balance will record 
not only the change in magnetisation of the body, but also that of the apparatus 
producing the alteration of state. To disentangle these two factors, it is possible 
in most cases to do separate measurements on the apparatus alone so that 
the difference in corresponding readings will give the true contribution of 
the body.

In special circumstances it may be possible to eliminate the effect of the 
auxiliary apparatus without ever measuring it. For example, in the simple 
ease of the measurement of the susceptibility of a single crystal rod in different 
directions perpendicular to its axis, the rod may be mounted on a spindle 
so that it can be rotated about its axis. If now the spindle is either so non
magnetic as not to affect the balance at all, or at least magnetically isotropic 
in the plane perpendicular to its axis, then any change of balance reading with 
rotation of the spindle and crystal rod must be due to the rod alone and will 
measure directly the variation of its susceptibility with orientation. Again, 
in the measurements of susceptibility of a body at different temperatures, it 
may be possible to determine the magnetisation of the body alone, without a 
separate measurement on the furnace. If a fairly large furnace can be con
structed, the susceptibility of the body alone may be measured by mounting 
it on a non-magnetic support, and moving it always in the furnace, first, near 
the balance, then sufficiently far away so that the force between the balance 
and the substance is negligible. The difference in balance readings will be 
proportional to the susceptibility of the substance alone.

In general the exact procedure will depend on the nature of the particular 
change of state of the body and on the accuracy desired. Within the limit 
of error imposed by the unsteadiness of the zero, no difficulty has been experi
enced in carrying out measurements of any kind so far attempted.

There rem ains one purpose for Avhieh this balance m ethod is not con ven ien t; 
that is the m easurem ent of susceptibilities at different m agnetic field strengths. 
Such experim ents m ight be made in Aveak fields Avith a readjustm ent of the 
balance for each field strength, but the production of more intense fields Avith 
the necessary hom ogeneity  and constancy, represents a problem Avhieh has 
not ye t been considered.

In conclusion, avc should like to thank Professor Lord Rutherford for his 
interest and encouragement in the course of this work.



28. REPLY TO SOME REMARKS 
OF 0. STIERSTADT ABOUT AN ERROR 

OF PRINCIPLE IN MY MEASUREMENTS ON THE 
CHANGE IN RESISTIVITY IN STRONG 

MAGNETIC FIELDS*

I n  a  recently published paper 0 .  Stierstadt1 discusses in detail an experimen
tal error which in his opinion has crept into my measurements on the change in 
the resistance of metals in strong magnetic fields.2 0. Stierstadt says that the 
current in a wire which is wound around a cylinder, as is the case in my method 
(see also Fig. 8 in Stierstadt’s paper), is not flowing strictly perpendicularly to 
the magnetic field, and so the effect measured is not a purely transverse one, 
but a mixture of longitudinal and transverse effects. According to 0. Stierstadt 
my results are “ qualitatively correct, but quantitatively almost completely 
inaccurate because of an error of principle in the device” .

However, in the course of my work I naturally took into account this source 
of error, and it is very simple to show that Stierstadt overestimates its im
portance in my experiments.

If the pitch of the screw-like spool is denoted by I and the diameter of the 
coil by d, then the angle oc between the direction of the current and the direc
tion perpendicular to the lines of force is equal to

I
cc =  arc ta n ----- .  (1)n a

Let the relative change in the resistance A R
I T ’

which is a function of the

magnetic field, for a transverse field be denoted byFj_ and for a parallel field 
by jP|| . For the angle a, a t which the measurements were carried out, we then 
obtain:

Fa F± (1 +
F„ -  F,

F -sin2 a
±

( 2 )

I t  turned out that F± for all metals was of the same order of magnitude 
and in some cases almost equal to F ||, hence the expression before sin2 a 
was always less than unity. If we take the values I and d of the coil designed 
in my work (the design is reproduced by Stierstadt in Fig. 8 of his paper),

* P. L. K a p it z a , Erwiderung auf einige Bcmerkungen von 0 . Stierstadt iibereinen prin- 
zipiellen Pehler bei meinen Messungen iiber die Widerstandsanderung in starken Magnet- 
feldern, Z. Phys., 09, 421 (1931).

465



466 Collected Papers oe P. L. Kapitza

then aceording to (1) we find oc =  7°. For the largest possible difference 
between F„ and F ±_ we obtain according to (2) a value of only 1-4 per cent 
which may already be considered as extremely low, but which in fact was even 
much lower, because the pitch I in my experiments was in most cases only 
one half or third of the pitch given in the drawing, for obvious reasons, in a 
greatly magnified form. Consequently, the error of principle discussed by 
Stierstadt amounts in my experiments to only a fraction of one per cent and, 
thus, lies within the error limits required.

In the experiments of Stierstadt on the change in the resistance of an iron 
wire in a weak magnetic field, as will be shown, it is of greatest importance 
that the wire be directed strictly perpendicular to the magnetic field, and this 
was carried out thoroughly by Stierstadt. However, the necessity of an accurate 
adjusting of the iron wire arises specially from the fact that the wire, owing 
to its demagnetising factors, is about hundred times more easy to magnetise 
in the longitudinal than in a transverse direction. Therefore, in investigating 
the effect of magnetisation in a transverse field the iron wire must be adjusted 
within a quite small fraction of a degree strictly perpendicularly to the field. 
Stierstadt rightfully ascribes disagreements in a large number of earlier 
studies on the change in the resistance of ferromagnetic bodies in transverse 
fields to an inaccurate adjustment of the direction of the wire. But it is evident 
that this danger is run only in studies in weak magnetic fields.

In my experiments on the change in the resistance in magnetising iron and 
nickel wires in fields up to 300,000 gauss the demagnetising field perpendicular 
to the wire has no effect on the direction of the magnetisation, since owing to 
the saturation it does not exceed a value of 1000 gauss. Hence within the error 
limits the nickel and iron wires in my experiments can be assumed to be 
magnetised in the direction of the field.

An error which is to be ascribed to the fact that the function F|| for iron 
differs in its sign from F± increases the value of the correction term of (2) by a 
certain amount, but still not to such a degree that it should be taken into 
account in my experiments in which the accuracy was limited by the difficulty 
in measuring the resistance changes which were exceptionally small in this 
case.

The above considerations show clearly that the error described by Stierstadt 
is of great importance in the case of his investigations, but that in my investiga
tions it need not be taken into account and, moreover, does not affect the 
results quantitatively.

R eferences

1. O . S t ie r s t a d t , Z . /. Phy-s., 07, 725 (1931).
2. P. K a p it z a , Proc. Roy. Soc., A 123, 292 (1929); Collected Papers No. IS, p. 224.



29. HYDROGEN LIQUEFACTION PLANT AT THE 
ROYAL SOCIETY MOND LABORATORY*

In  t h e  Royal Society Mond Laboratory which is now under construction at 
Cambridge, in addition to the apparatus required for producing intense 
magnetic fields, a plant for cryogenic work will be installed. We have developed 
as a first instalment of this apparatus a hydrogen liqueficr which differs from 
existing liquefiers in that it allows hydrogen of a lower degree of purity than 
the normal to be used for liquefaction. We propose in this article to give a 
brief description of the liquefaction apparatus, and later to publish a more 
complete account.

As is Avell known, the only method used at present for the liquefaction of 
hydrogen is essentially the same as that employed originally by Dewar in 
1898, and is based on the Joulc-Thomson effect combined with a thermal 
regenerator. In order to obtain a positive Joulc-Thomson effect for hydro
gen a preliminary cooling with liquid air is required. The principal difficulty 
encountered in liquefying hydrogen in large quantities is due to the impurities 
present in the gas; unless extremely pure hydrogen is used, these impurities 
solidify at the temperature of liquid hydrogen and block the tubes in the 
regenerator and stop the circulation of the gas. The seriousness of this effect 
can be shown from a numerical example. The purest commercial hydrogen 
available in Great Britain is 99-5 per cent pure; 3-9 m3 of gas are required to 
produce 5 litres of liquid hydrogen, and the impurities—chiefly air—when 
solidified have a volume of about 19 cm3. Their deposition is thus quite sufficient 
to block the small bore tubes of the regenerator, and special precautions have 
to be taken to avoid this difficulty. In the method developed by Kamerlingh 
Onncs at Leyden, a preliminary purification of the hydrogen to a high degree 
of purity is carried out, and steps are taken to save the gas after it has been 
used for experiments. Another method introduced by Meissner is to make a 
special trap in the hydrogen circulation in such a way that in it the greater 
part of the impurities arc condensed; the liquefaction is stopped at intervals 
to allow the trap to be warmed by a special electrical heater and emptied.

In our liqueficr we have adopted a different principle which allows us to 
use the apparatus continuously even with commercial hydrogen. The method 
is as follows: Two hydrogen circuits arc used in the liquefaction process; one 
circulation is similar to that used in ordinary liquefiers, but is completely 
closed; in it about 0-7 m3 of purified hydrogen is compressed to 160-170 atmo
spheres, and after preliminary cooling in liquid nitrogen at reduced pressure

* P. L. K a p it z a  and J. D. C o c k c r o ft , Hydrogen liquefaction plant at the Royal Society 
Mond Laboratory, N ature  129, 224 (1932).
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passes through a regenerator spiral and then expands to normal pressure, 
thereby cooling down a “ condenser” to liquid hydrogen temperature, after 
which it returns through the regenerator to the compressor. In the second 
circuit we use ordinary commercial hydrogen, which is reduced to a pressure 
of 3-4 atmospheres by means of a reduction valve from a cylinder. This 
hydrogen is eoolcd down to the temperature of liquid nitrogen and is then 
passed directly into an “ exchanger” cooled by the first circuit. Since the lique
faction temperature of hydrogen at 3 atmospheres pressure is a few degrees 
higher than at normal pressure, it liquefies in the exchanger. The whole of

2 1 3  5

the cooling down process, from the temperature of liquid nitrogen to the 
temperature of liquid hydrogen, takes place in the exchanger, so that all the 
impurities condense here and do not have a chance of being deposited in the 
tubes. The solidified impurities are heavier than the liquid hydrogen and 
remain at the bottom of the exchanger, which is large enough to retain all the 
impurities solidified in the course of a run.

The scheme of the liquefier is shown diagranmiatically in Fig. 1, and a photo
graph of the liquefier in Plate 29. The hydrogen in the closed circulation enters 
at tube I, passes through the regenerator spiral A, and enters the container B  
containing liquid nitrogen at reduced pressure, from which it passes through 
the second regenerator spiral D, and then through the expansion valve E  to 
the condenser F, where it is partially liquefied. When the condenser F is about 
one-third full, the liquid hydrogen passes through tube 6 to a spiral which 
cools exchanger G; it then goes through the regenerator spirals D and A and 
passes back to the compressor through the outlet 2. The commercial hydrogen
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enters the tube 3 and passes only through the first regenerator circuit A, 
and the container B, and then passes directly into the exchanger G, where it 
meets the spiral cooled by the closed circulation and is liquefied at three 
atmospheres pressure. The exchanger G is continuously drained through the 
tube 4 passing through the condenser F  as a spiral and leading to valve H, 
which controls the flow of liquid hydrogen into a Dewar receptacle. In  passing 
through the spiral of condenser F, the liquid hydrogen is cooled through a few 
degrees from the temperature corresponding to liquefaction at three atmospheres 
pressure to the temperature of liquid hydrogen at atmospheric pressure. This 
prevents excessive evaporation when it is drawn off into the Dewar receptacle. 
The exchanger G is filled with wire gauze which helps in the liquefaction. In 
the actual liquefier a double container is used for the liquid nitrogen. In  one 
part the liquid nitrogen is evaporated at slightly reduced pressure and the 
evaporated gas passes up tube 5 of regenerator A  and takes up sufficient heat 
to cool down the incoming hydrogen of the liquefaction circulation; in the 
other part the liquid nitrogen evaporates at a few centimetres pressure and 
passes away directly to the pump. (During a recent visit to Dr. Simon’s 
laboratory at Berlin, we have been informed that the same principle of cooling 
hydrogen in two stages was used in his liquefier.)

The tubes used in the liquefier have a small cross-section and the gas is 
allowed to flow with high velocity. We find, as suggested by Meissner,1 that the 
heat exchange can be calculated from Nusselt’s formula.2 From this formula 
it appeared that a good heat exchange could be obtained by using a high 
velocity of the gas, and this enabled us to reduce the length of the regenerator 
spirals very considerably. In our case the spiral A  was about 2-5 m long and 
the spiral D  5 m. The high tensile strength of the copper-nickel alloy allows 
the heat capacity of the regenerator spiral to be considerably reduced. The 
whole apparatus is soldered into a copper vessel 26 cm in diameter by 67 cm 
high, which is then evacuated. By the use of charcoal to absorb gases given 
off from the metal, a good vacuum can be maintained and a high degree of 
thermal insulation maintained without the use of glass Dewar vessels.

The new liquefier has the considerable advantage that the rate of liquefac
tion can be measured continuously by a flow meter placed before the inlet of 
tube 3. The flow meter will also indicate the moment when the gas begins to 
condense. An electrical flow meter is used. The hydrogen is passed through a 
thin-walled copper-nickel tube 20 cm long, which is heated in the middle by a 
platinum wire spiral. The cooling of this spiral depends on the rate of flow of 
hydrogen through the tube and is measured by its change of resistance. The 
spiral is made in two parts which form the two opposite arms of a Wheatstone 
bridge; the other two arms are also made of platinum, and are wound on the 
thick copper main tube, and thus are kept at the temperature of the inlet 
hydrogen. The apparatus is calibrated by separate experiments.

The liquefier lias proved to be as efficient as ordinary existing liquefiers. The 
heat exchange is good, and the temperature of the return hydrogen and nitrogen 
at exit is only 10° below the temperature of the inlet hydrogen. 4-5 litres of 
liquid nitrogen are used for the initial cooling, and liquefaction starts 40-50 min
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after the beginning of the preliminary cooling. The liquefaction rate is 4 litres 
an hour, of which about twenty per cent is lost when the hydrogen is drawn 
off. The liquid nitrogen consumption is about T3 litres per net litre of liquid 
hydrogen. We normally produce 6 litres of liquid hydrogen in a single run, 
using commercial hydrogen, and have not up to the present had a single stop
page due to blocked tubes. The liquefier was made in our workshop by the 
laboratory mechanic, Mr. H. E. Pearson.

The compressor used for the Avork is a compact, triple stage, high speed 
(GOO r.p.m.) machine which was specially built for us by Messrs. Reavell and 
Company. The detailed design was worked out by Mr. J. Hendry. Special care 
was taken to ensure complete freedom from leakage; the space below the

cylinders is connected to the compressor suction, and the piston rods are 
surrounded by oilsealed glands which are fitted with leakage indicators. At 
full speed the compressor capacity is 25 m3 of free gas per hour; at present 
we are using it at reduced speeds giving a delivery of 16 m3 per hour.

The problem of storage of liquid hydrogen has been dealt with on new lines. 
It is well known that owing to the small latent heat it is difficult to store 
liquid hydrogen in an ordinary Dewar flask for more than a day. As described 
by Meissner,3 the best containers, of a capacity of G litres, evaporate at the 
rate of 15 g (200 ml) of hydrogen an hour; these containers have a specially 
good vacuum and silvered surfaces to prevent radiation losses, which are the 
most important source of loss of cold. In order to diminish these radiation 
losses further, we have worked out a design for a Dewar flask which has all the 
advantages of the method of keeping the liquid hydrogen container immersed 
in liquid air, without the disadvantages and technical difficulties which occur 
if this method is used on a large scale. A drawing of the flask is shown in Fig. 2. 
I t  consists of a twin flask; flask 1 contains liquid air, and flask 2 liquid hydrogen. 
The inside of flask 1 is connected by means of a copper rod 3 to a copper shield
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4 which surrounds the container of flask 2. The liquid air cools the shield 4 
by thermal conductivity, and the radiation losses from the liquid hydrogen 
are considerably reduced. The hydrogen flask has a capacity of 5 litres and 
the liquid air flask holds 2 litres. The evaporation of hydrogen is about 2-5 g 
an hour, which is about seven times smaller than for ordinary flasks, and 
enables the liquid hydrogen not required for immediate use to remain in the 
flask for 5 days. The consumption of liquid air is about 1-7 litres per day. A 
picture of the flask will be seen in Plate 29 standing beside the liquefier.

Another flask is now being constructed in which the radiation will be further 
reduced by silvering the inner surfaces, thereby increasing the efficiency of 
the flask still further. The flask was manufactured for us by Messrs. Sicbe 
Gorman and Co., Ltd.

The remaining equipment of the Laboratory is on the usual lines, and all 
the known precautions against explosion are employed, flame-proof mining 
type motors being used for the compressor drive and all open switchgear placed 
in a separate room. Besides the usual precautions wc have introduced one 
more, which consists of a standard alarm lamp as used for showing the presence 
of coal gas in mines. This indicator is manufactured by Messrs. TheW.R. 
Patents, Ltd. Should a leak occur, and the concentration of hydrogen in the 
room l’cach a value of more than one per cent, the lamp operates a relay which 
automatically stops the machines, and throws the windows open at the bottom 
and the top of the rooms where the liquefier is in operation, thus providing 
a complete air circulation.

Wc were enabled to construct this plant by a special grant made by the 
Department of Scientific and Industrial Research.

R e f e r e n c e s
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30. THE CHANGE OF RESISTANCE OF METALS 
IN MAGNETIC FIELDS*

The phenomenon of the increase of electrical resistance of metals in magnetic 
fields was first discovered for bismuth and has since been found to occur in 
practically all metals though on a smaller scale.1 Originally J. J. Thomson2 
and later Gans3 attempted to formulate a theory which would account for 
the phenomenon on the basis of the theory of electronic conductivity, from 
which they found that the increase of resistance should be proportional to the 
square of the magnetic field. At first this theory was actually supported by 
experiments on different metals, which apparently obeyed the square law. 
However, on studying the increase of resistance in intense magnetic fields up 
to 300,000 gauss4, it was found that this square law breaks down and is gradu
ally replaced by a linear law. About thirty different metals have been studied 
and all show a similar deviation from the square law. Thus it is found that in 
a weak field Ad =  <xH2, and in a strong field it approaches a value Ad = @H.

The general features of the phenomenon are shown on Fig. 1 where the 
abscissae represent the magnetic field and the ordinates the specific resistance 
of the metal. I t  will be seen that in the first part of the curve, from A to B, 
the increase of resistance follows the square law, but later on, from B to C, 
it gradually approaches to a straight line. When the metal is in the form of 
a wire, the straight part starts to appear in a large number of cases at from
30,000 to 60,000 gauss, while for some metals such as gallium it is traced from 
5000 gauss.

The second phenomenon of interest, also common to all the metals studied, 
is that chemical impurity and hardening have a marked influence on the way 
in which resistance increases. In all the cases observed it was found that if 
one specimen of a metal is annealed or is in a purer chemical state than another 
specimen of the same metal, the coefficient <x of the square law increase of 
resistance is considerably larger, the linear part of the curve appears at much 
lower field strengths, but the coefficient (3 of the linear part is practically 
unaltered. This phenomenon is illustrated by Fig. 1 where the curve ABC is 
for a harder, less pure specimen than the curve A'B'C'. This seems to indicate 
that since the crystal lattice of the metal is less disturbed, either physically 
or by the presence of chemical impurities, the linear law of change of resistance 
must appear at very much lower field strengths. This has been confirmed by 
the experiments of Meissner and Scheffers5 who found that at low tempera
tures, for very pure gold crystals, the linear law appeared at fields of a few

* P. L. Kapitza, The change of resistance of metals in magnetic fields, Leipziger Vortrage 
1933, S. Hirzel, Leipzig, p. 1.
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thousand gauss. These data would seem to indicate that there must be a close 
relation between the state of the crystal lattice of a metal and the influence 
of the magnetic field.

I t  is well known that the state of the crystal lattice has a marked effect on 
specific resistance of a metal, and that the presence of impurities of plastic 
deformation in a metal increases its specific resistance. According to the 
Matthiessen Rule this increase of resistance is supposed to be independent of the 
temperature. That is, we can represent the specific resistance <5 of a metal at 
a given temperature as the sum of

<5 =  +  da

Fig. 1

where according to the Matthiessen Rule is the resistance of an ideally pure 
crystal which depends on the temperature, and da is the additional resistance 
due to the presence of impurities, and varies in different samples of the same 
metal according to the state of their chemical and physical perfection, but is 
independent of the temperature. The Matthiessen Rule that the additional 
resistance is independent of the temperature appears to be correct only for 
metals having a cubic lattice, and it seems to me that even for cubic crystals 
it should be regarded as an approximation, practicable only when two examples 
of the same metal differing very little in their physical and chemical state are 
compared over small ranges of temperature. This was the case in the experi
ments of Kamerlingh Onnes and Nernst when they were calibrating platinum 
thermometers. Actually, however, even in the cubic metals the additional 
resistance <5n varies with the temperature to a certain extent, but on a consider
ably smaller scale than the ideal resistance <3£. The obvious conclusion to be
16 a*
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drawn from the Matthiessen Rule is that the additional resistance 6a must be 
equal to the residual resistance observed in a metal at absolute zero which 
will be indicated by dr .”

The experiments on the increase of resistance appear to show that the 
presence of the additional resistance in the metal hinders the initial increase 
of resistance as observed in weak magnetic fields. If we examine the specific 
resistance in different magnetic fields for two samples of the same metal, 
annealed and unannealed, as shown on curves ABC and A'B'C' on Fig. 1, it 
seems that the natural formal interpretation of this effect would be that the 
increase of resistance produced by the magnetic disturbance is combined with 
that produced by crystal imperfections, and when A d produced by the increase 
of magnetic field is larger than da produced by crystal imperfection, the linear 
law appears. We should therefore expect that for an ideal crystal, the linear 
law would start to hold at very low values of magnetic field, and if vre extra
polate the linear part of curves AB and B'C' to the axis of ordinates by the 
dotted line A"C", it will cut the ordinates at a specific resistance corresponding 
to the ideal resistance, <5;. If this assumption is correct, it is possible to deter
mine the additional resistance from the change of resistance curve, and to 
compare it with the residual resistance dr , which, according to Matthiessen Rule, 
must be equal to the additional resistance <5a. I t  is evident that this comparison 
can only be made within the limits where the Matthiessen Rule itself is correct.

Table 1

Metal (cubic)

W o
Residual resistance 
at 14°K over the 
resistance at room 

temperature

W o
Additional resistance 
as deduced from the 

magnetic field

Copper 0-047 0-031
(hardened)

Copper 0-030 0-027
(hardened)

Copper 0-023 0-017
(annealed)

Gold 0-017 0-015
Aluminium 0-035 0-025
Molybdenum 0-048 0-05
Tungsten 0-082 0-062
Platinum 0-007 0-011

In Table 1 some results of such comparisons are given. The additional 
resistance da was measured in solid hydrogen (14° Absolute) for a number of 
samples studied, and expressed as a fraction of the resistance at room tempera
ture. In the third column, values of the additional resistance are given as 
deduced from magnetic measurements at the temperature of liquid nitrogen 
(86° absolute).4 I t  will be seen that the values do not differ more than would 
be expected from the character of the comparison.



R esistance oe Metals in Magnetic Fields 475

Meissner and Scheffers attempted the same comparison with gold crystals, 
but found much less satisfactory agreement, which they took to be contradic
tory to the views of the author.8 Since, however, they were deahng with very 
pure gold crystals in the form of short rods, having a very small residual 
resistance, we would expect that the local disturbances due to accidental 
plastic deformation caused by handling would not be evenly distributed. In 
this case it can be shown that although the Matthiessen Rule may be correct 
for separate regions of the crystal where the conditions are uniform, it may 
cease to be for the total resistance which is measured experimentally. The 
comparison of the additional resistance obtained from magnetic experiments 
and that calculated from the residual resistance would then show that they 
were only very roughly equal, the results only having the same order of 
magnitude.7

The close resemblance between the phenomenon of the increase of resistance 
due to the magnetic field and the increase of resistance due to the magnetic 
field and the increase of resistance due to physical and chemical imperfections 
of the crystal also appears to be emphasised by some further experimental 
results. These experiments seem to indicate that both these changes of resistance 
have a very similar dependence on the temperature. The absolute increase of 
resistance of copper, which has a cubic lattice, was studied at the temperature 
of liquid nitrogen at normal pressure (86°K) and at reduced pressure (63°K), 
and at the temperature of liquid hydrogen (20°K). The results are plotted on 
the curves given in Fig. 2, from which it will be seen that the absolute increase 
of resistance for a given magnetic field depends relatively little on the tempera
ture. Thus, when the temperature is changed from 86°K to 20°K the absolute 
increase of resistance in a field of 250 kG changes only by about 25 per cent, 
while the ideal resistance of the wire diminishes more than six times between 
thesam etemperaturcvalues.lt is known that the Matthiessen Rule holds fairly 
well for copper. Experiments show that for lead, the absolute increase of 
resistance in magnetic fields depends somewhat more on the temperature, but 
still nothing like the ideal resistance. In experiments on cadmium, which has 
a hexagonal structure, and for which the Matthiessen Rule does not hold at all, 
the absolute increase of resistance has markedly different values at different 
temperatures.

I t  seems that the general character of the phenomenon of the change of 
resistance in magnetic fields as described, points to a different explanation 
from that given by the present theory of Sommerfeld,9 Franck10 and Peierls11 
which is based on the same assumptions as that of Thomson and Gans. Thom
son and Gans assumed that under the influence of magnetic forces, the paths 
of the electrons are deflected, thus producing an increased loss in the momenta 
of the conducting electrons, which accounts for the increase of resistance. 
Whilst Thomson and Gans were dealing with electrons whose motion they 
calculated from the old Maxwellian distribution of velocities of free electrons, 
Sommerfeld assumed in his well-known theory that the distribution was 
according to the Fermi-Dirac statistics. In the first place, an increase of 
resistance in magnetic fields proportional to the square of the magnetic field
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was deduced,9 but later on,10 making a closer approximation, a curve was 
obtained which followed the square law in the beginning but then straigh
tened out until eventually it curved again and a saturation effect appeared, 
which means that after a certain increase of resistance the magnetic field does 
not produce any effect a t all. For the non-cubic metals such as gallium and 
cadmium our observations showed definitely that the linear law held in about 
the region where one would expect to have a saturation effect according to the 
present theory, but it was indicated6 that in the present rough state of the

0 100 200 300

Magnetic field, kilogauss ■

Fig. 2.
Increase of resistance for a copper wire: Curve 1 86°K, Curve 2 63°K, Curve 3 20°K.

theory it can only be expected to hold for regular crystals which have the 
simplest cubic lattice such as copper. The original measurements on copper 
were not sufficiently accurate to exclude definitely the possibility of a deviation 
from linearity in the change of resistance, but recently by improving the 
technique, curves such as that shown on Fig. 2 Avere obtained Avhich are more 
accurate, and \yhich definitely show no trace of a saturation effect—at any 
rate in the region where it ought to appear according to the present theory.

The influence of the temperature on the change of resistance in magnetic 
fields was also found from our experiments to be much less than would be 
expected from the theory. I t  appears that for metals the change of resistance 
predicted by the theory is only a small fraction of the actual observed change 
of resistance, and the source of the observed phenomenon must be looked for 
from a different cause than the direct deflection of electrons by the magnetic 
field, on which assumption the present theory is based.
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In germanium, tellurium, and in some cases with bismuth and graphite4, 
a saturation effect is actually observed, and the curve of change of resistance 
with magnetic field has a general character very similar to the curve which 
would be predicted by the theory. These elements, however, are regarded as 
semi-conductors; their specific conductivity is very low and is only produced 
by the presence of impurities.4 In a recent work, Harding12 showed that in 
these particular cases an adequate theory can be formulated on the lines of 
the Thomson and Gans theory. In the case of metallic conductivity, however, 
the theory must probably be based on different grounds. I t  seems to us that 
the close similarity between the increase of resistance produced by the imper
fections of the crystal lattice and that produced by the magnetic field, suggests 
that the theory should be based on the direct disturbance of the lattice by 
the magnetic field. I t  is known from the specific resistances of metals that the 
highest specific conductivity is found in the metals having a regular cubic 
lattice, and this would seem to suggest that if the magnetic field disturbs the 
lattice, making it less symmetrical, an increase of resistance might occur. 
This view seems to be supported by the fact that in magnetic fields a number 
of diamagnetic substances show a magnetostriction.13 However, we can imagine 
that the disturbance of the lattice need not necessarily be accompanied by a 
magnetostriction effect; for instance, as an illustration we may imagine that 
members of pairs of atoms lying in a row in the lattice would approach more 
closely, while at the same time the distance between the pairs is increased, 
in which case the total length of the chain of atoms would remain constant 
and no magnetostriction would be observed.

H we assume that disturbances of this type produce the increase of resistance, 
then it is possible in the case when the increase of resistance due to disturbances 
of the lattice produced by impurities is larger than that due to the disturbances 
produced by the magnetic field alone, that the observed increase of resistance 
will be less marked. This is actually observed in the initial region where the 
square law holds; when the disturbances of the lattice produced by the magne
tic field are larger than those produced by impurities we get an increase of 
resistance which obeys the linear law, and which is independent of the state 
of physical perfection of the lattice. I t  would also probably be possible to 
account in this way for the small dependence of the absolute increase of 
resistance in magnetic fields on the temperature as observed in cubic substances. 
Unfortunately, experimental methods for investigating such a possible de
formation of the lattice are difficult to put into practice and can probably 
only be done by the use of X-rays. Even with X-rays it will only be observed 
as a change in the relative intensity of reflected light in different orders, which 
in practice is difficult to observe in strong magnetic fields on account of the 
short duration of the experiment.
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31. THE REFLECTION OF ELECTRONS FROM 
STANDING LIGHT WAVES*

I t  is well known that a beam of light falling on a reflecting mirror forms 
standing waves. This effect has been very beautifully made use of in Lipp- 
mann’s colour photography process. The standing light waves, in this case, 
produce a periodic effect in the emulsion of the photographic plate which, 
when developed, scatters light and produces a similar colour effect. Instead

O

/ l \  
/  I \

of using a beam of light, it would seem possible to scatter electrons from the 
emulsion and obtain a reflection of electrons similar to that of a space grating. 
But it seemed to us that it would be of much greater interest to consider an 
experiment in which electrons are reflected from the standing waves of light. 
The direct scattering of free electronic waves by light has strictly never been 
observed, and it was thought possible that by this method, owing to the 
interference of the electrons and to the fact that the scattered electrons are 
focused to one spot, the magnification of the phenomenon would be sufficient 
to make it observable. From the theory developed below, it will be seen that 
the experiment is just on the verge of possibility, and would be very difficult 
to carry out. The main interest of the experiment would come from the possi
bility of observing stimulated scattered radiation which up to the present has 
never been verified experimentally.

The general idea of the experiment is illustrated in Fig. 1. A beam is formed 
from a source of electrons A which pass through a diaphragm B, and the 
beam is accelerated by an accelerating potential V between A and B. The

* P. L. Kapitza and P. A. M. Dirac, The reflection of electrons from standing light 
waves, Proc. Camb. Phil. Soc., 29, 297 (1933).
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beam of electrons passes very close to a mirror C which is illuminated from a 
source of light 0  through a lens D. Between C and D standing waves will be 
formed, and part of the electrons, instead of going to the point E, will be 
reflected to the point E'. I t  will be seen that the reflection will be according 
to Bragg’s law, where the lattice spacing is equivalent to half the wavelength 
of the standing waves. All the apparatus has to be placed in a vacuum, and 
the experiment is only possible when the ratio of the intensity of the reflected 
beam which reaches the point E ' to the intensity of the undeflected beam 
which reaches the point E is of sufficient magnitude to be observed.

A simple way of dealing with the problem theoretically is as follows. Instead 
of supposing the electron to pass through a field of stationary waves, we may 
suppose it to be acted on by two beams of progressive waves with the same 
frequency and moving in opposite directions. Each of these beams by itself 
would give rise to Compton transitions, in which a photon is absorbed from 
that beam and re-emitted in an arbitrary direction, the electron experiencing 
at the same time a recoil which deflects it out of its original path. With both 
beams acting together, however, a new effect must also occur, according to 
Einstein’s laws of radiation, provided that the initial velocity and direction of 
motion of the electron are suitably adjusted. This is the effect of stimulated 
Compton scattering, in which a photon is absorbed from one beam and its re- 
emission is then stimulated by the existence of the other beam, the electron 
again experiencing a recoil. The frequency of occurrence of this second process 
is proportional to the product of the intensities of the two beams, in contra
distinction to that of the first process, which is of course proportional simply 
to one of the intensities. Thus when the field of radiation is weak, the ordinary 
Compton effect predominates, while when it is sufficiently strong the stimulated 
effect predominates.

I t  is the stimulated process that interests us here. This may be seen from the 
fact that the laws of conservation of energy and momentum in this case lead 
to Bragg’s conditions for the scattering of the electron waves. The re-emitted 
photon in the stimulated process must have the same frequency and be in the 
same direction as the stimulating radiation. Thus the re-emitted photon must 
have the same frequency v as the absorbed photon and must move in the 
opposite direction. The momentum transferred to the electron must therefore 
be of magnitude 2 hvjc and must be in a direction normal to the standing 
wave surfaces, while the energy transferred must be zero. I t  follows that the 
electron waves must be reflected from the standing wave surfaces with the 
angle of reflection equal to the angle of incidence and the wavelength a of the 
electron waves must be connected with their angle of incidence 6 by the 
relation

i.e.

 ̂ h v n li .2 ----- =  2 — cos0,
c a

a — (cjv) cos 6 =  A cos 6,

which is just Bragg’s law with the lattice spacing
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To calculate approximately the intensity of the reflected electron beam we 
may neglect the velocity of the electron compared with the velocity of light 
and work from Thomson’s formula. Thus we have

,4 ( 1 )

where I 0 is the energy of the incident beam of light per unit area per unit 
time and I m is the energy of the light scattered in the backward direction 
by one electron per unit solid angle per unit time. To pass from the non- 
stimulated effect, we must multiply the right-hand side of (1), in the case of 
non-polarised radiation, by the factor

------- V
2h v 3 mv’

where l'm „ is the energy of the stimulating beam of light per unit area per unit 
solid angle per unit time per unit frequency range. If we suppose the stimulating 
beam to be spread through a small solid angle dca, then the stimulated scattered 
beam will be spread through this same solid angle, so that its total energy per 
unit time will be

lm dec e4 j  j o2 
m2 c4 0 h v3 I ' o v  dco 2 m2 c2 k r3 I  / 'x0 1v> (2 )

where l'v =  l'wv dco is the energy of the stimulating beam per unit area per 
unit time per unit frequency range.

If we now divide the right-hand side of (2) by h r, the energy of one quan
tum, we get the probability of occurrence of the stimulated scattering process 
per unit time for one electron. We must then multiply by the time the electron 
remains in the field of radiation, namely l/v, where I is the length of its path 
in the field and v is its velocity, to get the total probability of the electron 
being deflected. The result is

pi Je 1 T T' (Q\
2 m2 c2 h2 v4, v 0 w

To interpret the factor I 0I'V occurring in this formula, we must suppose 
the initial beam of radiation /„ to consist of a narrow spectral line, which all 
the same has a finite breadth, so that it can be resolved into its harmonic 
components thus:

10 =  f  l y d v ,

where I v is the energy per unit area per unit time per unit frequency range. 
Each element of frequency range d r  will now contribute to the term I 0I'V an 
amount I VI V d r. Thus the result (3) for the probability of an electron being 
deflected becomes

e41
2 m2 c2 7i2 r4 v

In order to examine the conditions under which the experiment could be 
carried out. let us assume the following d a ta :
16b*
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Let us take the velocity of the electrons to be v =  3 x 103 cm/sec, which 
corresponds to a potential difference of 25 volts between A and B ; then, 
taking green mercury light, X = 5460 x 10~8, the angle between the original 
beam and the reflected beam will be about 0-05°. Let us assume that the 
intensity of the chosen spectral line coming from an ordinary mercury arc 
lamp per cm2 of the mirror is about 1 watt (107 erg per sec), and that the length 
of the mirror is I =  10 cm and the breadth of the spectral line A X =  0-1 x 10”8 
cm. With these data we find that the reflected fraction of electrons which 
reach the spot E ' is only of the order of 10-14 of the number reaching the 
spot E.

We see, therefore, that the experiment could scarcely be made with ordinary 
continuous sources of light, and it seems to us that the only possibility would 
be to produce the illumination by using an intense spark discharge instead of 
of a mercury arc. In this case, a much larger intensity will be obtained for a 
short time, but, since the magnitude of the phenomenon is proportional to 
the square of the intensity, this will increase the number of reflected electrons. 
The calculation of this case is somewhat difficult, since certain losses will be 
produced by the broadening of the lines in the spark discharge. Actual experi
ments will have to be made to find out if it is possible to raise the momentary 
intensity without undue broadening of the lines, in order to raise the intensity 
of the reflected beam to an observable value.



32. LIQUEFACTION OF HELIUM BY AN 
ADIABATIC METHOD WITHOUT PRE-COOLING 

WITH LIQUID HYDROGEN*

T h e  methods for the continuous liquefaction of hydrogen and helium at 
present in use arc essentially the same as those originally used by Dewar and 
Kamerlingh Onnes when these gases were first liquefied. These methods are 
based on the use of the Joule-Thomson effect, combined with a regenerating 
heat exchange after the gas has been cooled below its conversion temperature 
by liquid air or hydrogen. Since these processes arc essentially non-reversible, 
the efficiency of the method is very low: for example, Meissner1 calculates 
that to produce liquid helium, one hundred times more power is required than 
if the process could be done reversibly. The advantages to be gained by using 
adiabatic expansion for the cooling of liquefying gases have long been realised, 
but owing to technical difficulties this method has only been used up to the 
present to liquefy small amounts of gas by a single expansion. Thus in 1895, 
Olszewski was the first to obtain a fog of liquid hydrogen drops by a sudden 
expansion of compressed hydrogen. Recently, Simon2 has produced appreciable 
quantities of liquid helium also by a sudden expansion of highly compressed 
helium.

The technical difficulties in constructing an apparatus for continuous lique
faction by adiabatic expansion lie chiefly in the designing of a cooling expansion 
engine which will work at low temperatures. Two principal types of expansion 
engine can be considered. The first is a turbine, but this involves a number of 
technical difficulties which have not yet been overcome. The second type of 
machine is a reciprocating moving piston expansion engine; this also involves 
great difficulties, chiefly arising from the difficulty of finding a lubricant 
which will make the piston tight in the cylinder and retain its lubricating 
properties at the very low temperatures. Claude, however, managed to make 
such an expansion engine which would work at the temperature of liquid air 
by using the liquefied gas as the lubricant. This method, however, does not 
appear to be practicable for liquefying helium and hydrogen.

During the last year, in our laboratory we have been working on the de
velopment of a reciprocating expansion engine working on a different prin
ciple which docs not require any lubrication of the piston at all, and which will 
work at any temperature. The main feature of the method is that the piston 
is loosely fitted in the cylinder with a definite clearance, and when the gas 
is introduced into the cylinder at high pressure, it is allowed to escape freely

* P . L. K a p it z a , Liquefaction of helium and an adiabatic method without pre-cooling 
with liquid hydrogen, Nature, 133, 708 (1934).
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through the gap between the cylinder and the piston. The expansion engine is 
arranged in such a way that the piston moves very rapidly on the expanding 
stroke, and the expansion takes place in such a small fraction of a second 
that the amount of gas escaping through the gap is very small and does not 
appreciably affect the efficiency of the machine.

The principal difficulty in constructing such a machine was concerned with 
the valves in the expansion engine, which had to let in a considerable amount 
of gas in a small fraction of a second. Another difficulty was to find metals 
with the necessary mechanical properties for use at these low temperatures. 
All these difficulties have now been successfully overcome, and the liquefier is 
shown in the accompanying photograph (Plate 30, p. 500). The expansion engine 
is placed in the middle of the evacuated cylindrical copper casing, the dimen
sions of which are 75 cm long and 25 cm diameter. The casing also contains 
heat-exchanging spirals and a container of liquid air for the preliminary 
cooling of the helium. Helium is compressed to 25 to 30 atmospheres and is 
first cooled to the temperature of liquid air and then cooled by the expansion 
engine and regenerating spiral to about 8°K; the final liquefaction is produced 
by making use of the Joule-Thomson effect. This combination proves to be 
the most efficient method of liquefaction. The liquid helium is drawn off from 
the bottom of the liquefier by means of a tap.

Following the preliminary cooling to the temperature of liquid nitrogen, 
the liquefier starts after 45 min to liquefy helium at a rate of 1 litre per hour, 
consuming about 3 litres of liquid air per litre of helium. This output we hope 
will shortly be increased, but even now it compares very favourably with the 
original method of making liquid helium, in which, according to Meissner,1 
the consumption is 6 litres of liquid air plus 5 litres of liquid hydrogen per 
litre of liquid helium. I t  is also evidently a considerable advantage to be able 
to dispense with liquid hydrogen as a preliminary cooling agent. Theoretically 
it would be possible in our case also to dispense with liquid air, but the size 
of the liquefier would then be impracticably large. Using liquid hydrogen as 
a cooling agent, the output of the liquefier could be increased about six times.

The same liquefier has also been used for liquefying hydrogen, which was 
passed through a special circuit under a pressure of a few atmospheres.

A detailed description of the apparatus will shortly be published elsewhere.3
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33. THE LIQUEFACTION OF HELIUM 
BY AN ADIABATIC METHOD*

Abstract. An expansion engine is described which works without lubri
cation at low temperatures, and an account is given of its use for the lique
faction of helium. The liquefier is pre-cooled by liquid nitrogen only, and 
further cooling of the helium is done in two stages: down to 10°K by means 
of the expansion engine, and finally down to liquefaction point by using 
the Joule-Thorason effect.

It has been found that it is probable that the Joule-Thomson effect 
has a pressure inversion point at these low temperatures and that this 
appears at a pressure of about 17 atmospheres.

The starting time of the liquefier is 1| hours, and the output is 2 litres 
per hour, using 1^ litres of liquid nitrogen to produce 1 litre of liquid helium.

1. I n t r o d u c t i o n

The liquefaction of helium by Kamerlingh Onnes has led in the past thirty 
years to discoveries of the greatest importance to the study of the solid state. 
In spite of this, very few laboratories are now equipped with the apparatus 
necessary for the production of liquid helium. I t  is therefore very desirable 
that the complicated technique necessary for its production should be simplified 
to allow of its more extensive use. In  this paper we shall describe a more 
efficient liquefier, based on an adiabatic principle, which we hope will consider
ably simplify the production of liquid helium for scientific work.

At present two principal methods are used for the cooling and liquefying 
of gases. The first method is based on eooling produced by adiabatic expansion 
where the expanding gas is cooled by doing external work. This phenomenon 
was observed by Clement and Desormcs in 18191 when they discovered the 
cooling of a gas in a container when its pressure was reduced by letting out 
some of the gas through a tap. I t  can be shown that on expanding, the gas 
remaining in the container has done work in communicating kinetic energy to 
the escaped gas, and therefore has been cooled adiabatically. Olszewski2 in 
1895 applied this method to the liquefaction of hydrogen; he compressed the 
gas to 190 atmospheres and pre-cooled it with liquid oxygen boiling at reduced 
pressure (—211°C); on releasing the pressure, he observed a fog of liquid 
hydrogen drops. From this experiment he was able to determine the critical 
data for hydrogen. This method has also been used recently by Simon3 for 
liquefying helium. Simon took advantage of the fact that at very low tempera-

* P. L. K a p it z a , The liquefaction of helium by an adiabatic method, Proc. Hoy., Soc., 
A 147, 189 (1934).

II. Kannqa, Aflna6aTn>iecKHtt MeTOfl OMcmKennn rejina, Ycnexu tfiuamecmx nayn 16,145 
(193C).
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tures the thermal capacity of the container is so small that it practically 
absorbs no cold from the liquefied helium. The limitations of this method are 
that it can only conveniently be applied for obtaining small amounts of liquid 
helium; it is not suited for a continuous output of helium, and also there is 
necessarily a loss of cold due to the gas which leaves the container. The method 
is also complicated by the fact that high pressures are required, and that pre
cooling with liquid hydrogen at reduced pressure is necessary.

The great advantage of liquefying gases by making them do direct work on 
a mechanical system has been long recognised, and this method is now com
monly used for the liquefaction of most gases. Unfortunately, however, this 
method is not easily applied to helium and hydrogen, the reasons being mainly 
technical and due to the difficulty of constructing an expansion engine which 
will operate at very low temperatures; for this reason the adiabatic method of 
cooling has not yet been used to liquefy any gas with a lower liquefying point 
than air.

The alternative method of cooling consists in allowing the gas which is to 
be liquefied to expand and do internal work. The phenomenon is known as 
the Joulc-Thomson effect and was originally employed by Kamerlingh Onnes4 
for the liquefaction of helium, and is still used for the production of liquid 
helium on a large scale. Since helium approaches very closely to the require
ments for an ideal gas, the Joulc-Thomson effect is very small, and it is only 
by pre-cooling the helium to the temperature of liquid hydrogen boiling at 
reduced pressure that the magnitude of the effect is sufficient to liquefy the 
gas. The efficiency of this method is very low—Meissner5 estimates that it is 
only 1 per cent of the efficiency which would be obtained by using an adiabatic 
method. Actually, to produce 1 litre of liquid helium, Meissner estimates that 
6 litres of liquid air and 5 litres of liquid hydrogen arc required. This figure 
gives some idea of the difficulties encountered in cryogenic work with helium.

2. P o s s i b l e  E x p a n s i o n  E n g i n e s

In view of the low efficiency and complication of the Joule-Thomson 
process for liquefaction and of the possibility of increasing the efficiency by a 
factor of approximately one hundred by the use of an adiabatic process, we 
have developed an expansion engine which will work continuously at low 
temperatures to enable this process to be realised.

A number of methods are possible a priori to extract heat adiabatically 
from compressed gases at low temperatures. The one which would seem to be 
the most natural would be to use a turbine, and at first sight this idea seems 
to be very attractive, since in the first place no lubricant would be required, 
and lubrication is one of the great difficulties encountered at low temperatures. 
From the theory of the efficiency of turbines it is known that the velocity of 
the moving blades must be near the critical velocity of the gas, and under 
normal conditions this tends to be rather high and makes construction difficult. 
At temperatures approaching its liquefaction point, however, the critical 
velocity of helium is very much reduced—for instance, at 15°Iv it is onl}7 
153 m/sec—and therefore undue high speed of the turbine blades would not
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be required. After detailed calculation, however, we found that the chief 
difficulty would arise from the size of the actual turbine. For instance, at 
15°K and 30 atmospheres pressure, treating about 30 m3 of helium per hour 
(which would be necessary for the liquefaction of a few litres of helium per hour), 
the cross-section of the nozzle would have to have an area as small as 1/10 mm2. 
The other dimensions of the turbine would have to be on a correspondingly 
small scale; and it would appear, therefore, that unless helium is to be lique
fied on a really large scale, the turbine method is not practicable. Actually, 
as will be seen from the description of our present machine, which has a high 
efficiency, it will probably be difficult to improve on this efficiency even with 
a turbine used for large scale production.

Another possible machine is an ordinary reciprocating piston type. The great 
technical difficulty in designing this kind of machine for very low temperature 
is to devise a method whereby the piston can move in the cylinder without 
friction but at the same time without leakage. In an ordinary reciprocating 
engine this is achieved by the introduction of a lubricant between the piston 
and the cylinder wall — but at the temperatures of liquid hydrogen and helium 
it is impossible to find a lubricant. The first successful use of an expansion 
engine for low temperature work is due to Claude.6 In the first instance Claude 
overcame the lubrication difficulty by using liquid air itself to lubricate the 
piston, but eventually he found that liquid air is not an efficient lubricant7, 
and at present he only uses his expansion engine down to — 140°C at which 
temperature ether and petrol still keep their lubricating properties. If liquid air 
is not found to be a very satisfactory lubricant, it is evident that liquid helium 
with its low surface tension would probably have no lubricating properties at 
all, and therefore Claude’s solution of the difficulty would not be possible for 
a helium liquefier.

In order to overcome the difficulty of lubrication we have been working 
for some time in this laboratory on the development of a reciprocating expan
sion engine working on an entirely different principle in which the piston does 
not require any lubricant at all, and which will work at any temperature.8 
The main feature is that the piston is loosely fitted in the cylinder with a 
definite clearance, and when the gas is introduced into the cylinder at high 
pressure, it is allowed to escape freely through the gap between the cylinder 
and the piston. The expansion engine is arranged in such a way that the piston 
moves very rapidly on the expanding stroke, and the expansion takes place 
in such a small fraction of a second that the amount of gas escaping through 
the gap is very small and does not appreciably affect the efficiency of the 
machine. Actually the efficiency of this expansion machine has been found to 
be about 60 per cent which is very high. With the machine which wc describe 
in this article, helium was successfully liquefied without pre-cooling by liquid 
hydrogen.

3. T h e  G e n e r a l  A r r a n g e m e n t  of t h e  L i q u e f a c t i o n  Ci r c u i t s

In designing the helium liquefier our general aim, besides high efficiency, 
has been to build a machine with the maximum output and a small starting
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time. To describe in detail all the calculations necessary for the design of a 
machine embodying these features is beyond the scope of this paper since most 
of them involve purely routine work of an engineering character. We shall 
therefore only discuss here the general principles of the machine.

The first question we had to settle was that of the choice of the liquefier 
circuit. Using our type of expansion machine it would be quite possible to 
liquefy helium without any pre-cooling, either by liquid hydrogen or liquid 
air; to do this, however, a very large expansion engine and compressors would 
be required and the whole liquefier would be very bulky. For example, to start 
from room temperature and then liquefy 1 kg of helium it would be necessary 
to extract 380 calories of cold. On the other hand, to liquefy the same amount 
of helium starting at the temperature of liquid nitrogen boiling at reduced 
pressure (65°K), it is only necessary to extract 84 calories of cold. Therefore 
a plant which did not make use of pre-cooling by liquid nitrogen would be 
about four times larger than one which used liquid nitrogen. With an ideal 
heat exchanger only 4 litre of liquid nitrogen per litre of liquid helium would 
be required for pre-cooling, so that, taking into consideration the cheapness of 
liquid nitrogen, it pays in laboratory practice to use it for initial pre-cooling. 
Further pre-cooling to 20°K by means of liquid hydrogen would reduce the 
amount of cold to be extracted to 25 calories, but this advantage is discounted 
by the precautions and complications involved in running a hydrogen liquefier.

The scheme of heat exchangers we have adopted is shown on Fig. 1. Com
pressed helium enters tube 1 and passes through a heat exchanger A, and is 
then cooled down to 65°K by passing round a ring shaped container N where 
liquid nitrogen is kept boiling at reduced pressure. The compressed helium then 
goes through the heat exchanger B to the expansion engine E. After leaving 
the expansion engine it passes through heat exchangers C, B, and A back to 
the compressor through tube 2. By means of these regenerating heat exchangers, 
the temperature of the outlet gas from the expansion engine could gradually 
be lowered until part of the helium would leave the expansion engine in the 
liquefied state. If we then separated the liquid from the gas we should have a 
liquefaction circuit similar to that originally used by Claude6 for the lique
faction of air. Such an arrangement, however, appears to be inefficient, and 
the reasons for this can easily be seen. Let us assume that the gas enters the 
expansion engine at a pressure pj where it fills a volume t\  at a temperature 
T1, and is then expanded to a volume v2 at a pressure p2 and temperature 1 \ . 
During this expansion the process follows the well-known formula:

p v y  =  const, (1)

where y  is the ratio of the specific heats. The amounts of cold obtained from a 
single expansion would be

r  y - n
A i =  7] j p x v

r-
i -  ( —

Pi
( 2 )

where rj denotes the efficiency of the expansion engine which in an ideal 
engine would be unity, and j the thermodynamical equivalent of heat. From (2)
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we see that the amount of cold we get from the expansion engine with a perfect 
gas is independent of the temperature at which the expansion engine works. 
The density of the helium which fills the expansion engine will be inversely 
proportional to the temperature 2 \.  Therefore, as T x is lowered the amount 
of gas which the compressor has to supply is increased, but the amount of 
cold produced by the expansion engine will be the same. We reach this con
clusion by assuming that helium follows almost exactly the equation for a

Fig. 1. The heat exchanger circuits of the liquefier.

perfect gas. Actually it can be shown that deviation from the equation will 
not alter our conclusions but strengthen them, since the quantity of cold 
produced, A i, diminishes as the temperature approaches nearer to the lique
faction temperature. From more detailed consideration it appears that it is 
preferable to keep 1 \ as high as possible and to cool the helium by means of 
the expansion engine, to a temperature T 2 well above its boiling point, and 
endeavour to effect the final stages down to actual liquefaction by some other 
means.

Three possibilities are open to u s: the first corresponds to Claude’s method 
for the liquefaction of air, and means that we must have the temperature 2 \  
slightly below the critical temperature of helium liquefaction (5'2°K) and then
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carry out the liquefaction in a vessel cooled to this temperature at a pressure 
above the critical one (2-26 atmospheres). This method, however, proves to 
be impracticable for helium since the margin between the critical temperature 
and the liquefaction temperature is only 1° which is too small.

A second method would be to allow the exhaust gases to cool the helium 
in a container at considerable pressure, and then by reducing the pressure 
the helium could be liquefied by the Simon method. The vessel would then be 
emptied and the process repeated.

The third method, which is the one we have actually adopted, is similar 
to that used by Hcyland * for the liquefaction of air, Avhere the last stage of 
the liquefaction is effected by means of the Joule-Thomson effect. The circuit 
used is shown on Fig. 1. After passing through the heat exchanger B a fraction 
of the high pressure helium is passed through heat exchanger C, where it is 
cooled down to the temperature T2 of the exhaust helium from the expansion 
engine. I t  then passes through heat exchanger D and the throttling valve 4 
to the liquefaction vessel 5. After a part of it has liquefied, the remainder 
again passes through heat exchangers D and C and finally joins the outlet gas 
from the expansion engine.

In order to calculate the output efficiency of our liquefier wc have to know 
the equation of state for helium near its critical point. This, however, is not 
known analytically with any precision and it is much more convenient to make 
use of “ Entropy diagrams” or “ Mollier diagrams.” Keesom and Houthoff9 
have actually prepared such diagrams for helium, and we found them most 
helpful in our work. From the diagrams we obtained the following data:
(i) The total heat in and i'n corresponding to pressures p1 and p2 at the tempera
ture Tn at which the compressed helium leaves the liquid nitrogen container.
(ii) The total heat, i±, a t the temperature T l of the inlet gas to the expansion 
engine, (iii) The total heat, i2, at temperature T 2 after the gas has expanded 
adiabatically to pressure p2. Actually, owing to different losses in the expansion 
mechanism the gas comes to a point p2, T 2, and i2, this point being related to 
the ideal point p2, T2, i2 by the efficiency coefficient of the expansion engine

If we pass D kg of helium through the liquefier, a fraction of which, K, 
goes through the expansion engine, the amount of cold produced would be 
D K  — i2), but all this cold is not available for liquefaction-—some of it 
being lost owing to imperfections in the heat exchanger B. If we take the 
efficiency of the heat exchanger B to be <p, the amount of cold carried away 
by the gas will be D(i'n — ix)(l — <p). There will be some losses owing to the 
difference in total heats at the temperature Tn, this loss of cold being equal 
to D(i'n — in) is actually very small compared with the other terms.

A fraction of the gas (1 — K) is used for the Joule-Thomson effect, being 
throttled from pressure p3 to p4. The corresponding total heats at tempera-

* See reference 5.
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ture T z will be found on the entropy diagram to be i3 and i4, and in a liquid 
state and at a pressure p4 it will be i '.  To liquefy 1 kg of helium we require 
i — i'n calories, therefore the amount of gas liquefied will be

\ Kr j { i x — itj) -  (1 -  ?>)(*» -  h) -  («» — in)
n̂ 4̂

The amount of helium liquefied by the Joule-Thomson effect will then be10

L = D ( \ - K ) 4 ---------------------------------------- (5)
2-3 *-4

The value K  is determined from equations (4) and (5), and it will be seen that 
there is a temperature T 2 at which LjD will be a maximum. The two equa
tions (4) and (5) only begin to have a meaning for helium when T z is below 
40°K and the Joule-Thomson effect‘has a positive sign. On reducing the value 
of T2, it — i'2 will diminish and K  will increase. Finally the product will reach 
a maximum at which the liquefier will have the maximum efficiency. From 
experiments this maximum would appear to be about 10°K, but we were 
unable to settle this from the diagram since, although the values obtained 
from it were accurate down to 15°K and 20 atmospheres pressure, at lower 
temperatures the accuracy was not so reliable. We shall discuss this point in 
a later section of this paper, and only mention it here because we found that 
the inversion pressure for the Joule-Thomson effect was lower than we expected 
from the diagram, and this made it necessary to introduce another throttling 
valve (6) which reduced the pressure of the helium entering the regenerating 
spirals C and D from 30 to about 17 atmospheres.

From equation (4) we see that the total output and efficiency of the liquefier 
does not depend entirely on the efficiency rj of the expansion engine, but also 
on the efficiency q) of the heat exchanger B.

In practice we find that (in — ix) =  61 calories while the cold produced by 
the expansion engine K — i'2) = 9-7 calories. The heat exchanger used has 
an efficiency (p of 92 per cent, but even with this high figure, about half of the 
cold produced by the expansion engine is carried away. The necessity for a 
very efficient heat exchanger B has made it necessary to make it rather large 
and heavy as will be seen from Fig. 3.

To avoid using such a bulky system of heat exchangers, it can be seen that 
a much more efficient liquefier could be made if a number of expansion engines 
were used in series, the outlet gas of one cooling the inlet gas for the next. 
In practice it will be found that if three machines are used, the exhaust gases 
of the last machine will have reached a sufficiently low temperature to be 
used for cooling the compressed helium to be liquefied by the Joule-Thomson 
effect. A liquefier working on this plan would practically dispense with heat 
exchanger B and would probably have at least three times the output of the 
present liquefier, using the same amount of compressed helium. The scheme 
has not yet been carried out merely because it involves building three expansion 
engines, and this technical complication was not justified in the initial stages 
of development.
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4. T he  E x p a n s i o n  Ma c h i n e

In  this section we shall describe the general principles on which the expansion 
engine is designed, and also the details of its construction. The first thing to 
be settled before designing an expansion engine is the choice of its working 
pressure px. From expression (2) we see that by increasing the working pressure 
the specific cold production Ai)v1p1 is only increased slightly. On the other 
hand, increase of the inlet pressure greatly complicates the construction of the 
machine and also makes it more bulky. The most convenient pressure to use, 
however, depends on so many factors that it can only be found from experience; 
actually we have chosen this pressure to be between 25 and 30 atmospheres. 
The size of the expansion engine depends on the amount of gas to be treated 
and on the number of strokes the machine will make per minute. The inlet 
volume and expansion ratio are determined from the specific volumes of 
helium on the state diagram.

Our present expansion engine works at a rate of 100 to 120 strokes per 
minute and treats about 30 m3 of helium per hour at room temperature and 
normal pressure. The diameter of the piston is 31 mm (l|in .) and the stroke 
varies between 3-5 and 5 cm. In choosing the ratio between the diameter of 
the piston and the length of the stroke, we have to consider a number of factors: 
the thermal conductivity of the metal, the leakage through the space between 
the piston and the cylinder, the ease of operation of the cam mechanism, etc. 
Having settled the general size of the machine, the next point is to find a 
mechanism which will allow the piston to move quickly on the expanding 
stroke and do work, and then move slowly back again. I t  is evident that a 
crank shaft mechanism is not suitable for this purpose. I t  would probably 
be possible to find some cam mechanism which would fulfil the requirements, 
but technically it appeared to be simpler to use a hydraulic mechanism. The 
general principle of the mechanism is as shown in Fig. 2. The expansion 
machine E is connected with the hydraulic mechanism H by a connecting 
rod 3. When the gas enters the expansion engine, it moves the piston 13 which 
in turn moves piston 8 in the hydraulic machine, and since the space above 
the piston 8 is filled with water this is forced out as a jet through the hole 9. 
In this way the work done by the expanding gas is transferred as kinetic 
energy to the jet of water. After the expansion stroke is finished and the outlet 
valve of the expansion engine is opened, the cylinder of the hydraulic machine 
is gradually filled with water, and the piston of the expansion machine returns 
slowly to its original position. The cooled expanded helium enters tube 10 from 
the cylinder, the gland 12 preventing it from escaping, and then passes through 
tube 11 into the heat exchangers. I t should be noted that the diameter of the 
connecting rod 3 in gland 12 is chosen to be equal to the diameter of the piston 
in the expansion engine; therefore, on the expansion stroke, the volume of 
the gas in tube 10 is not altered, and no sudden increase of pressure occurs. 
On the down-stroke the gas in 10 is slowly compressed and made to circulate 
through the heat exchangers with a uniform velocity.

As will be seen from the diagram, the expansion engine is placed in a long
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thin-walled tube 10 (0-05 mm), and the connecting rod 3 is also in the form of 
a thin tube (0-5 mm); this provides thermal insulation from the cold produced 
in the expansion machine.

The motion of the system can be expressed by the following equation
M  x +  C x2 +  F  =  P , (6)

Fio. 2. Schematic outline of the expansion engine.

where x is the displacement of the piston in the expansion engine, M  the mass 
of the two pistons and the connecting rod, F  the frictional forces arising 
mainly from the gland, and P  the resultant force which is equal to

P  = (p -  p0):i R2, (7)

where R  is the radius of the piston 13 of the expansion engine and p0 the 
atmospheric pressure. The term C x2 represents the force due to the energy 
absorbed by the jet of water, while C is a constant which is determined as 
follows:

G = ti r6 oj2o2 a4, (8)

where r is the radius of the piston 8 of the hydraulic mechanism and,a is the 
radius of the opening for the jet 9; o is the density of water, and q the contrac
tion of the jet which may be taken as equal to 0-6. During the time of filling
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of the expansion engine with gas at constant pressure, P  is constant, and we 
get:

i 2 =  a&o (1 — exp
2 Cx ]
M (9)

where
r 2Xq

P - F
C~~ ( 10)

We see that if the factor 2 C xjM is large, the influence of the inertia on the 
motion will be small and the piston will assume practically at once the velocity 
given by (10). Therefore, if the mass of the moving part of the expansion 
engine is small and C large, we may assume that the motion is according to 
formula (10) all the time, even if P  is a variable. The change in P  after the 
inlet valve is closed is given by expression (1), and then the velocity of the 
piston can be estimated from (10) at any point in the stroke. For our present 
purposes this method of calculation is sufficiently accurate, although a more 
complete solution of (6) is obtainable by means of series.

I t  will be seen from (10) that the hydraulic arrangement has the advantage 
that it provides a faster motion of the piston at the beginning of the stroke 
when the pressure is high and the leakage losses between the piston and the 
cylinder are largest, and then the velocity of the stroke diminishes as the 
pressure drops. There is also the advantage that the length of the stroke is 
not fixed and can vary with the pressure or temperature of the inlet gas in 
such a way that the outlet pressure will always be the same, which results in 
a higher efficiency in the expansion.

Theoretically in choosing the actual speed of the motion, which is done by 
adjusting the diameter of the hole 9, we find the only factor which limits the 
speed of the piston is that it should be less than the critical velocity of helium, 
and at first sight it appears that the quicker we make the motion of the piston 
the shorter will be the time of the stroke, and therefore the leakage losses will 
be less through the gap between the cylinder and the piston. In practice we 
find that the speed of the piston is limited by the difficulty of filling the cylinder 
with gas in a short time, as this is limited by the size of the inlet valve. In 
fixing the size of the valve the following requirements have to be satisfied: to 
avoid a big pressure drop the area of the opening of the valve must be sufficiently 
large to make the velocity of the gas through the opening well below its 
critical velocity. On the other hand, the valve must not be made too large as 
it would require rather large forces for its operation, and also it must not 
have too great a mass because the inertia would interfere with quick operation. 
Taking all these conditions into consideration we have chosen a circular valve 
for our expansion engine with a diameter of 1 cm and an opening of 1 mm. 
This size of valve has proved satisfactory when the total time of the stroke 
from beginning to end is about 1/10 sec, and this is achieved with the following 
dimensions of the hydraulic arrangement: diameter of cylinder 8, 25 mm; 
the diaipeter of hole 9, 2-7 mm.

If we know the velocity of the motion of the piston during its stroke, it is 
easy to estimate the width of the gap between the piston and the cylinder
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wall which will not cause too great a leakage of gas. The maximum value of 
the gas losses can be estimated from classical formulae by assuming that the 
gas flows out as a viscous fluid. The value for the viscosity of helium at low 
temperatures was obtained from the measurements of Kamerlingh Onnes and 
Sophus Weber.11 The leakage losses in this case will be found to be proportional 
to the cube of the width of the gap and have the maximum value when the 
piston is pushed to one side of the cylinder and the gap is not uniform. Actually, 
however, the flow is not a viscous but a turbulent one, and therefore the 
amount of gas lost will be less in practice than the amount estimated in this 
way. Accurate measurements of the gap are difficult, and for our practical 
purposes we estimated the losses by observations on the velocity with which 
the piston when loaded drops in the cylinder when all the valves are shut. 
Knowing the weight of the piston and of the load, we can by using a similarity 
formula extrapolate the magnitude of the leakage to the conditions at low 
temperatures and high pressures. In this way we find that with a gap of 0-04 to 
0-05 mm, which is the gap used in our case, the losses do not exceed a few per 
cent of the helium used.

The detailed arrangement of the expansion engine is shown on Fig. 3. As in 
all engineering constructions, many of the devices which arc used could be 
equally well replaced by other mechanisms, but there are also some details of 
the construction which are peculiar to the machine and essential for its efficient 
working which will now be referred to in detail.

Since there is no lubrication between the cylinder and piston, it is essential 
that there should be no sideway forces on the piston, and to ensure this there 
are two universal joints 26 and 28 so that in practice there are no side pressures 
on the cylinder other than those introduced by errors in the alignment of the 
axis of the cylinder and the axis of the connecting rod.

Another important detail is the necessity for cutting small grooves, \  mm 
deep and \ mm broad at a distance apart of about 5 mm, round the circum
ference of the piston. This is because we found it practically impossible, even 
with very great care, to make the surfaces of the cylinder and the piston 
perfectly even, and there are always small irregularities. As has been mentioned 
before, the resistance of the gap to the leaking gas depends on the cube of the 
width, and therefore even small variations will have a considerable influence 
on the pressure drop between the piston and the cylinder, and since this pressure 
drop may vary on different sides of the piston, considerable sideway forces may 
develop. The small grooves, however, equalize the pressure all round the piston. 
In practice we found that if we did not have these grooves the sideway forces 
are so high that the piston seizes almost immediately.

To ensure smooth working of the piston in the cylinder it is essential that 
there should be no foreign particles in the helium, and we therefore filter the 
gas before it enters the expansion machine. Also minute traces of impurity 
such as air, when cooled, from solid crystals on the side of the cylinder which 
cause scratching and wearing and even seizure of the piston, and the efficiency 
of the machine is considerably impaired. We found that the purity of the 
helium must be very high indeed, and to purify it to the required degree it
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was found necessary to pass it through a charcoal trap 30 before it enters the 
expansion engine.

Finally it is essential to have a high pressure container 14 which we have 
chosen to hold about ten times the volume of the gas used for a single expansion. 
This reservoir is necessary to avoid a pressure drop of the supplied gas during 
the inlet time, since this would obviously affect the efficiency of the engine.

Fig. 3. Detailed drawing of the liquefier.
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The expansion engine is placed in the centre of the liquefier the whole 
being surrounded by casing 16. The necessary thermal insulation is produced 
by evacuating the casing to a very high vacuum with the help of charcoal 4.

I t  is essential that all internal parts of the expansion engine should be 
accessible for examination, and this is done by means of a special key with 
which the cylinder can be unscrewed from the seating 34. The inlet valve 37 
can also be removed.

The inlet valve 37 consists of a steel ball of J in. diameter pressed in a well- 
polished seating made of phosphor bronze. The construction of this valve is of 
primary importance. At low temperatures when the viscosity of the gas is small 
the problem of having a really tight valve is a difficult one. To make the valve 
shut tightly the same part of the ball is always used which is done by means 
of a pin inserted in a hole drilled in the ball which prevents it from rotating 
in the seating. The outlet valve 38 shown separately on the drawing is made 
in the side of the cylinder. The inlet valve is operated by push rod 39 which 
fits well into a cylindrical hole in the cylinder. The amount of gas leakage 
through the gap round the rod 39, as in the case of the piston and the cylinder, 
is small owing to the rapidity of the expansion. On the top of the expansion 
engine there are three glands, two for the valve push rods, 15, and one, 12, for 
the connecting rod. The dimensions of most of the operating parts in the expan
sion engine can be estimated from standard calculations of applied mechanics.

The operation of the expansion engine is as follows: The stroke is started by 
the electromagnet 19 which first of all opens water valve 18 which releases the 
water pressure above the piston, and then kicks down the trigger 20 which 
keeps the lever 21 in a fixed position. After release the lever is pulled down by 
the spring 22 and operates the inlet valve by means of the connecting rod 23. 
At the same time, by means of the lever 24, the outlet valve is closed. The 
pressure of the helium entering the cylinder sets the piston in motion and after 
is has moved about 0-7 cm and the filling of the expansion engine with gas is 
completed, the cam 25 presses the roller on the lever 21, the lever moves up, 
and this shuts the inlet valve. For the remainder of the stroke, the gas is 
allowed to expand adiabatically and a jet of water through hole 9 absorbs the 
work. The water is not wasted but is sent to the compressor where it is used 
for cooling purposes. When the stroke is ended, the current is broken in the 
electromagnet, its armature is pulled up by the spring 27 which opens the 
outlet valve and lets the trigger 20 fall back, and finally closes the water 
valve 18. The water then enters by tube 17 and fills the cylinder and the piston 
gradually moves back, pushing the cooled helium through the outlet tube 11 
into the circulating system. The cycle is then finished.

The electromagnet 19 is automatically operated by means of a special contact 
which is operated by friction in such a way that it shuts off the current on 
the upward stroke of the piston and breaks it on the down stroke. This valve 
mechanism works quite well, but we think it could be considerably simplified 
and hope to do this in our next model.

Besides the question of design, a very important point in the construction 
of an expansion engine is the choice of proper materials. I t  is a well-known
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fact that a number of materials which arc flexible at ordinary temperatures 
become as brittle as glass at low temperatures. This is especially true of 
common mild steel. Although the tensile strength of the material increases at 
low temperatures the absence of plasticity makes its use impossible. We had, 
therefore, to choose materials which keep their plasticity at low temperatures. 
Secondly, the tubes which connect the expansion engine with the hydraulic 
mechanism must have a small thermal conductivity and great strength. We 
found that a very suitable materials was Firth’s “ Staybrite” steel. This non- 
corrodible steel has a very low thermal conductivity (0-033), keeps its plasticity 
at low temperatures, and can be drawn into very thin walled tubes. For our 
liquefier we used tubes having wall thickness of from 0-5 to 0-2 mm. There is 
one possible difficulty about using “ Staybrite” steel, namely, that it belongs 
to the class of austenitic steels where the iron is in the non-magnetic y-modi- 
fication. On cold working the steel acquires magnetic properties which suggests 
that it may be in a state of unstable equilibrium between the tx and the y 
modification, and we might expect a gradual conversion to the a  condition at 
low temperatures; should such a transition take place it would probably 
seriously affect the mechanical properties of the steel. To satisfy ourselves on 
this point, we kept a number of samples of different brands of “ Staybrite” at 
the temperature of liquid hydrogen for 8 days. We are indebted to Dr. H at
field, of the Research Laboratories of Messrs. Thomas Firth and John Brown, 
Ltd., who was kind enough to make a thorough examination of these samples 
after they were subjected to the low temperature treatment. Most of the 
samples showed no alteration in any of their physical properties, and wc 
finally chose the “ F.S.T.” brandfor our Avork. Another property of “ Staybrite” 
steel is that it has a larger coefficient of thermal expansion than ordinary steel 
and actually approaches very near to the thermal expansion of copper. This 
makes the steel especially suitable for the construction of the piston of the 
expansion engine. At first sight it appeared that the best scheme would be to 
make both the piston and cylinder of the same material, but we found that 
when we made them both of phosphor bronze the piston seized, and on examina
tion it appeared that this was due to foreign particles entering the gap, and 
since both surfaces were of equal hardness they did not get embedded in 
cither of them. If, on the other hand, the piston is made of “ Staybrite” and 
the cylinder of phosphor bronze, foreign particles will bury themselves in the 
latter. I t  is very important that all materials used for the construction of 
parts of the machine which are subjected to low temperatures should be well 
softened so that no internal stresses develop.

5. T h e  H eat  E x c h a n g e r s

The design of the heat exchangers is of obvious importance in obtaining the 
maximum efficiency from the liquefier. Generally speaking, the greater the 
size of the heat exchangers the greater their efficiency; on the other hand, in 
laboratory apparatus, efficiency is not the only consideration—greater size 
involves a much heavier and bulkier apparatus which is a disadvantage because
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it will have a larger cold consumption during the preliminary cooling and will 
therefore increase the starting up time. In constructing our liquefier, therefore, 
we have been prepared to sacrifice a certain amount of efficiency for the sake 
of speed in starting and economy in preliminary cooling, and have tried to 
keep the heat exchangers as small as possible.

The general theory of the heat exchangers and the calculations for their 
construction have been obtained from the work of Nusselt.12 In actual practice 
we only made the preliminary estimates of the dimensions of our heat ex
changers from Nusselt’s formulae, and after making and examining them we 
then improved them by using similarity formulae. Prom Nusselt’s formulae it 
will be seen that for a system of parallel tubes the heat transfer capacity of an 
exchanger treating a given amount of gas will be proportional to n0'21, Z0'95 
and d~ °'79 where n is the number of tubes in parallel, d the diameter of the 
tubes, and Z the length of the exchanger. Therefore to increase the heat transfer 
capacity of the exchanger we can make it longer and reduce the diameter of 
the tubes, but changing the number of tubes in parallel will not have much 
influence.

In choosing the dimensions of the tubes of the exchanger it is extremely 
important to ensure that the pressure drop is not too high, particularly in the 
return tubes. If we are treating a constant amount of gas, it can be shown 
that the pressure drop is proportional to w 1'75, Z and cZ~4'75, which shows that 
even a slight variation of the diameter will greatly influence the pressure drop. 
I t  is evident that the best way of diminishing the pressure drop without 
affecting the heat exchanges is to increase the number n of tubes in 
parallel.

In  our liquefier the heat exchangers consist of a high pressure tube with six 
low pressure tubes round it for the return gas. The tubes are made of cupro
nickel (composition 80/20) and are all soldered together and bound in a spiral. 
The heat exchanger A, Pigs. 1 and 3, is rather complicated aud could be 
considerably improved. The top part of it is 4 m long and consists of seven 
tubes of 4 mm inside diameter; the lower part is 3 m long and consists of seven 
tubes of 5 mm inside diameter. Three of these tubes in the lower part are used 
for the return of evaporated nitrogen.

The heat exchanger on the liquid nitrogen bottle N is 8 m long and is made 
of 5 mm tubes.

The heat exchanger B is the longest and the most important. I t  is 16 m 
long and its length is divided into three sections, the inside diameters of the 
tubes being 4 mm, 3-5 mm, and 2-3 mm, respectively.

Heat exchangers C and D are 2 m and 6 m long respectively and both 
consist of 2*3 mm tube.

If we do not take special precautions the expansion engine will send the 
gas in impulses to the heat exchangers which will considerably reduce the 
efficiency, especially for the exchanger B. We have already seen that gland 12, 
Fig. 2, is made of the same dimensions as the piston, and this provides a 
uniform flow of the return gas. To obtain a more uniform flow of the inlet gas 
a nozzle 29, Pig. 3, is placed at the bottom of the container 14 which introduces
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a resistance in the flow of gas. This nozzle has a diameter of 4 mm and a length 
of 1 cm and can be screwed out when the piston and cylinder are dismantled.

We found that particular care had to be taken in soldering all the tubes 
and parts of the liquefier in order to ensure vacuum tightness, satisfactory 
methods being developed by experience.

Of other details of the liquefier we should mention the centrifugal separator 
for removing the small drops of liquid helium from the cooled gas. After 
passing the throttling valve 4, Fig. 3, the helium passes through three nozzles 
31 which communicate the rotating motion required for separation to the gas 
in the gap between the wall of the container and the hemisphere 32.

The liquid nitrogen container N has a copper hemisphere 40 at the bottom 
which is kept at a low temperature by heat conductivity, and which surrounds 
the helium heat exchanger and expansion machine and protects it from loss 
of cold. The outside tube of the expansion engine is cooled down to the tempera
ture of liquid nitrogen by the return flow of helium gas at the point 33, thus 
diminishing the thermal conductivity losses from the expansion engine to the 
exterior.

A number of pressure indicators are incorporated in the liquefier, and there 
are two simplified helium thermometers to measure the gas temperature before 
and after it passes through the expansion engine; there are also level indicators 
for the helium in the container and for the liquid nitrogen in the outer vessel. 
The liquid helium is drawn off a t the bottom of the apparatus through a tap 7; 
this consists of two thin-walled “ Staybrite” tubes, 0-2 mm thick, the inner one 
having a nozzle which is closed by pressing on an appendix fixed to the outer 
one, the whole being made tight by means of a flexible bellows 35. A similar 
tap 36 is used for letting liquid nitrogen into the outer container. The function
ing of this type of tap was found to be very satisfactory.

For successful working of the liquefier it is absolutely essential to keep the 
helium free from contamination, and we have taken special care to work out 
a storage system in which there is no possibility of air or other impurities 
getting in. The helium is kept in a cylinder at 10 atmospheres pressure from 
which it is automatically discharged on demand into a 4 m3 gasholder which 
is filled with rather heavy compressor oil (we found that only very heavy oil 
can be used for this purpose otherwise air diffuses into the helium). When the 
gasholder is filled with helium the surplus is automatically pumped back to 
the cylinder by means of a small totally enclosed pump. The system is made to 
hold about 7 to 8 m3 of helium. A general view of the liquefier is shown on 
Plate 30, and a view of the layout of the installation on Plate 31.

6. P e r f o r m a h c e  of t h e  L i q u e f i e r

The expansion engine has proved to be a very efficient machine from a 
thermodynamical point of view. With inlet and outlet pressures of 30 and
2-2 atmospheres respectively, the inlet temperature of the gas is 19°K and 
the exhaust temperature 10°K, so that from the state diagram, 60 per cent 
of the free energy of the gas is turned into mechanical work. This high efficiency
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for such a small machine is probably due to the very small friction losses 
between the piston and the cylinder. Apparently the small amount of gas 
which leaks through the gap acts as an “ ideal” lubricant. This is borne out 
by the fact we found that even after working for many hours there was no 
appreciable wearing of the surface of the cylinder or piston, and the small 
scratches and markings made in the construction remained untouched.

From the data given above, assuming that 32 in3 of gas are delivered by 
the compressor per hour, of which 28 m3 passes through the expansion engine, 
49 calories will be available per hour. This should be sufficient to liquefy
4-7 litres of helium, but actually our best output is only 1-9 to 2 litres per hour, 
the difference being mainly due to losses in heat exchanger B as discussed 
before.

The starting up of the liquefier is carried out as follows. Bottle N, Fig. 1, 
is filled with liquid nitrogen, and at the same time the expansion engine is 
started. To get the heat exchangers cooled down quickly, a large amount of 
helium is kept circulating through tube 1, bottle 5 and tap 7, and back to 
the gasholder without passing through return tube 2. In 45 min the whole 
apparatus is at the temperature of liquid nitrogen and then the expansion 
engine brings it down in 25 to 30 min to 10°K. To cool the bottle 5 to this 
temperature as soon as possible, a weaker continuous stream of helium is still 
maintained through tap 7. Tap 7 is then shut and liquid helium starts to accu
mulate in the container practically at once. For starting the liquefier 7 kg of 
liquid nitrogen are required.

Experiments have shown that the speed of liquefaction depends very much 
on the throttling pressure. We noticed that when working at 30 atmospheres, 
helium is produced at first, but the rate gradually diminishes and the tempera
ture of the expansion engine becomes lower, until finally liquefaction stops 
almost completely. This phenomenon puzzled us at first, and the only satis
factory solution seems to be that at these temperatures and pressures there 
is an inversion of the Joule-Thomson effect. When the amount of gas used for 
the Joule-Thomson effect does not remove enough cold for liquefaction the 
temperature of the expansion engine becomes lower, and with this diminishing 
temperature but the same pressure the magnitude of the Joule-Thomson 
effect becomes less owing to inversion. Finally when the temperature of the 
outlet gas from the expansion engine reaches a value of 6°K, the stroke be
comes shorter and the output of cold is so small that it is only sufficient to 
balance the cold losses in the heat exchanger B, and liquefaction practically 
stops. At present there are no definite data on the existence of such an inversion 
pressure at low temperatures; Meissner discusses this point without coming 
to any definite conclusion.5 The entropy diagram of Keesom and Houthoff9 
does not indicate an inversion point at about 14°K and 20 to 25 atmospheres 
pressure where we should expect it from our experiments. Kamerlingh Onnes 
found that the most efficient pressure for liquefying helium was 20 atmospheres, 
and he suggested that at higher pressures the speed of liquefaction diminishes 
because drops of helium are carried away by the return stream of helium. At 
first we thought this explanation could be applied in our case too, but on
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improving the separation of liquid gas by the centrifugal arrangement 31, 
Fig. 3, as already described, we found that there was no improvement in the 
liquefaction. By decreasing the throttling pressure by means of valve 7, 
Fig. 1, from 30 to 17 atmospheres, but at the same time keeping the stream of 
gas through the trottle constant so that the carrying away of drops was 
constant, we increased the rate of liquefaction from 0-6 to 2 litres. I t seems 
probable from our experience that the maximum of liquefaction observed by 
Kamerlingh Onnes was also due to this inversion phenomenon. Our liquefier 
is not suited for accurate study of the equation of state for helium at low 
temperatures, but it is difficult to put forward any other convincing explana
tion for the phenomena described. We actually found that with a throttling 
pressure of 17 to 18 atmospheres we attained a maximum rate of liquefaction 
of about 2 litres per hour, while the consumption of liquid nitrogen is of the 
order of 2 kg per hour. Therefore to make approximately 1 litre liquid helium, 
we require just under 1-5 litres of liquid nitrogen.

7. Co n c l u d i n g  R e m a r k s

The same type of expansion engine may have other applications besides the 
liquefaction of helium, where an apparatus has to be cooled down to a tempera
ture of 7° to 8°K. We have also used it for the liquefaction of hydrogen, but 
apparently this is only of practical advantage when liquid hydrogen is to be 
produced on a large scale.

The present liquefier has been working for several months and most of 
the troubles which hindered us have been overcome, and it is now a reliable 
machine. We are contemplating various improvements such as simplification 
of the valve mechanism, and reduction of the weight of the cooling part of the 
apparatus. We are also planning several expansion engines working in series as 
described in a previous paragraph which should at least double the output, 
and probably halve the starting time.

For a considerable amount of our success in making this machine we are 
indebted to a number of firms who have co-operated in supplying us with 
materials, and my thanks are due to Messrs. Thomas Firth & John Brown for 
the “ Staybrite” steel; Messrs. Accles & Pollock for very special work in 
drawing thin walled “ Staybrite” tubes; The Yorkshire Copper Works for 
supplying and specially drawing cupro-nickel tubes for the heat exchangers; 
and The Hoffmann Manufacturing Company for the specially accurate balls 
with holes drilled in them.

The liquefier was constructed in the Laboratory workshop by Mr. H. Pearson, 
and experiments and tests were carried out with the assistance of Mr. E. Laur- 
mann.

I wish to express my grateful thanks to the Department of Scientific and 
Industrial Research and the Royal Society for the provision of funds to 
develop the cryogenic apparatus now installed in the Royal Society Mond 
Laboratoiy.
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